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Berkeley, California 9W720

October 27, 1972
ABSTRACT

The n-, ﬂ+, and proton inclusive distributions resulting from the
exposure of a liquid-hydrogen bubble-chamber to.s 6.6 GeV/c-proton beam
are studied and compared to higher energies. In the target region
(Feynman's x < -0.4) the n~ laboratory differential-cross-section is
found to be energy independent, provided that p, < 0.6 GeV/c. However,
the structure function p(x,p,,s) = Bd3e/dp> is found not to be energy
independent in the.centfal region (p: 2 0), but the non-scaling term ié
consistent with s;%'depéndence. The %t spectra behave quite differently.
In the target region the n+ laboratory differential-cross—section is
found to exceed that at higher energies, wheréas in the central region
pis found'to be energy independent for small transverse momentum, at
least in incident momentum intervalt6.6 to 28.5 GeV/c. For protons P
i8 found to decline with energy in the interval 6.6 to 24 GeV/c (and
possibly to ISR energies and above) in ygﬁg_thé target and central
region, with the greatest decline occurring in the central region.

Graphs of various single and double differentisl cross sections are

presented.
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I. INTRODUCTION

N
"In this paﬁer we presént single particle spectfa'fbr the
inciusive reactions vp —aut + énythihé énd py - p + anything an
" ' 6.6 GeV/é; Theqe spectra are compared thh higher gnergy experlmcntsa
in ordbr to dotorminu it pionization and limiting rragmentation oceur
at energles as low as 6. 6 GeV/c.
Section II presents a brief theoretical background on the subject
of 1nclu31ve reactlons and deflncs many of the varlables used in the
remainder Qf the paper.
Section III discusses the various experimental'procedﬁres, including

. +, . . -
the separation of n 's and protons. Cross sections are presented in this

section.

Sectidn{IVlreports on the n  spectra. Soﬁe of the results presented
here have already been reported in én earlier paper (Ge-=2).
‘.Section V reports on the n+ and proton spectra. .The results reported
in a preliminéry pgper on the proton spectra are not repeated here (Ab-2).
Finally, a'brief sumary of our results, together.with the conclusions

of this experiment, is given in section VI.



' II.. THEORETICAL BACKGROUND AND CHOICE OF VARTABLES

A. Introductory Remarks

In this section we only touch on the many theo;etical papers which
have come out on the Subjéct of inclusive. reactions. We mention those
predictions of the various theoriesvwhich can be tested_by our data,
and we discuss-fhe variables normally used to study these theories.
The reader interested in-é,thorough treatment should consult éne of
the review articles which have appeared recently (Be-?, Frfl, Qu-1, ”
Ra-1, YbeE). Two extensive data compilationé have‘élso appeared
recently (Di-1, La-1), and there are several conference proceedlﬁgs

devoted prlmarlly or entlrely to 1nclu31ve reactions (Da 2, Ox—2)

B. The appropriate Iﬁdependent Variables

1. General Comments

Let us consider ‘the reaction pp s+ ahything If we 1gnorev
the 1nfernal propertles of the blob rec0111ng agalnst the n ,. there
are four klnematlcal varlables needed_to'descrlbe thls reactlon. It
is usual to éhosé as oné of these fou} variables EC.M.’ fhé center-of-
momenfum enérgy of the eﬁtire syéfem'kér,-equivaléﬁtly, the incidenf
momentum, P, Or S, the Mandelstam variable). "It is also usual to
use the three coﬁponents of the n  momentum for the remaining three
variables. In the cénter-of—momentum cylindrical coordinate system
theée thrée variables are: P: , the momentum component‘parallel to the

incident beam direction; P1L , the momentum component perpendicular to

the incident beam direction; and ¢, the azimuthal angle about the
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incident beam‘direction{ (If the possibilit& of'cbnfusion'existé as
to whethér a variable is to be evalﬁated in the C.M. or the laboratory
system, following Frazer (Fr-1), we shall designate by'v*-thu C.M. value
of the variable. and we shall désignate Ly Vv oor v (lab) the value of the
variablie in tue laboratory system.) Of course, becausé both our beam
and target are unpolarized, no structure is pdssible in the azimuthal
angle, unless:there are cxperimental biases. We theréfore sﬁppress the
variable ¢ in the remainder of this paper. |

r oné wants to comparé distributions at different incident energies
in the hope that thése distribuﬁions might be equal, it seems reasonable
to chose & set of two TF momenpum Yayigﬁleé for which most of the data are in
same’domain, independent of the incidént energy. -Therefore, becéuse of
the well known.limitingtnatUre of the pJ_distributiOn, we use p_y and for
the 1ongitudinal variable-p“(lab) or the scaling variablés X ory
(defined later). | |

ft should be pointed out that other authors do c¢hose other variables.
Fbr éxample, the choice Mblob’ tbeam; blob’ and g.is often made in connection
with Regge models. Scaling in x (defined in the next section) and-ELdefini-
tely implies sealing in t and Mg/s, for certain regiqhs of phase space. We

shall not pursue these other possibilities however.

2. Different Definitions of Feynman's X.

In hié.paper on the parton-bremsstrahlung-model, Feynman has defined
a_variable,g_by the equation x = EpT'/sl/g,‘in order to study the pion-
ization region (i.e.lﬁ ~'0) (Fe-1). Other papers define slightly different
x's, all equivalent at the high energies at which Feynman's theory was

developed. 1In order-tb avoid confusion, we shall refer to these slightly

different E'S by the use of subscripts; we define



X = gp”/k,l/2 = pTl'j/E* 1I.B.1
* ¥- ’ L '
Xy = p“/PO . IT.B.2
o ¥ IV o v
*3 = By /v max . o - IL.B.3
x, = pT‘ / p’\‘\ ,~max(P-L) TI.B.4

N % o : ;
where E, and P, arc the C. M. cnergy and momentum, respectively, of

0
- . 3 o n _x . . . .
either of the iuncidoenl protons; Prax is the absolute maximun C. M.
B - : ‘. x * ‘
momentum of the n for a given value of s (P maxE'Po and therefore

x3 for an outg01ng proton), and p‘\ »(pl) is the maximum value .

of p‘(for a given s and p -

It is immediétély 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‘xg has become the most popular definition of X, our more
recently made plots are presentéd in terms of this variable. We warn
the reader that some of our'eaflier pldts are preSented in terms of

X5 however.

3. Plots in the Laboratory

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

these frames aré most appropriate fbr their beam and target fragmentation picture

(Be-1). 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 p"(lab) in order.to compare with this theory.




\n

e e o R EOAW L AT e i e, B U 1Y e A

Table II.1 Values of thé k4 different
. : E3
x's for 2 different values of QLand D

for s from pp — n +anythins at G.6 Gev/c.

& * . '
4 ) pr Pu a a a X a,
(Gev/c) (cev/e) xl X5 _-xj 4
& ' L b
- ‘ 0.0 L.0ho ;0.71 0.82 1.00 1.00
. . 5 .
0.5 . 1.250 0.66 O 0.76 0.92 - 1.00

a. See EQn. s III.B.l1 to III.B.4 for the definitions of X to x

. : + ) .
Thls_table does not apply to m and proton production.

. * *
b. i.e.p =D (n)

max ’
o 2 2 }'/:.:
c. 1i.e. pﬂz{Ibmax (ﬁ-)] Py (n7)
L, Rapidity-

Anctrer frequently used longitudinal vériable is the rapidity, N (Fe-1,

Wi-1). It can be defined in any of the following equivalent ways (h any frame.

y = sl (®p )/ (B-p, )] - I1.B.7a

s - =‘V£n{ [p,+ (p?‘ + ug)l/gJ/ u} = sinh_l(%‘/u) II.B.7b
= tanh'l(p,‘/E) - II.B.7c

o where tﬁe longitudinal mass p = (m2 + gi)l/g. II.B.7d

This variable has the useful property that a change in Lorentz
frames is accomplished merely by the addition of a constant to all values

of y, so that all frames are put on éh‘essentially equivalent basis..



We also note that the rapidity is a function only of a particle's
longitudinal velocity, gn\. We can see “this by substituting the well

xnown reliations

7 = E/m
D S
mﬂwlzﬁyzzPﬁn'

into equation fa. - The result is
y = -Hn [(1 +€3")/(1 - ﬁn)] . . II.B.8
Becauge y i8 a monotonically increasing function of the longitudinal

velocity, il.ias called the rapidity.:

C. Testing Scaling and Limiiing Fragmentation models

Following Frazer (Fr-1), weAdefine an invariant production-cross-

section by:
| 3,3 -

p(p“,QL, s) = Ed"¢/dp”. : : _ II.C.1
where E and p are the eneigy and momentum of the outgoing particle
in question (in this case the n ) in the frame of interest and s is the
Mandelstam variable which is equal to the invariant mass squared of the
entire reaction. The function j? is invariant under Lorentz transformations,

and removes an uninteresting phase-space factor, E.

According to the scaling hypothesis, which Feymman develops from
. D . *

. his parton-bremsstrahlung-model (Fe-1), the function p(pl‘,gl_,s)

~actually only depends on p, and x (see III.B for a discussion of

the various x's ), that is

N | .
p'(pn: P"L_ ,8) = D(X)p_'_)° - IT.C.2

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

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

for large s given by:

6

- ¥
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oo ))s L »s) = (P oPL) IT.C.3

provided that p,‘(lab) does not carry a significant fraction of the

energy 51/2. Both models have been shown to be equivalent at high

energies (Ve-1).

If we average the di fferential cross section over the uninteresﬁing
azimuth angle ¢, we obtain:

3 2

= 1 a6 .
ageg =1 46 , or.0.b
dp5 - 2xp, dpy dpy

Equatioﬁs 1 and 4 are combined to yeild:

' 2 2 2 1/2 2 .
p(p 0 s8) = Putpatm) d°C" 1I.0.5
enpy dp,dp

where m ds the mass of the outgoing particle.
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 the tdtal C.M. energy of

1/2
the reaction, s , for small values of p", that is:

2 2 _ ’
=d 0 g .C.
dp d dp d
PPy PPy

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

stated by BCYY (Be-1). (It is only when we compare distributions at

different p,',»for example, when we compare distributiOns“having the

same PJ»and X (gq. 2), that it is important to use p rather than‘the
ordinary diffefential cross section, in order to Qliminate an unintereét-
ing phase space factor.)

Obviously we can integrate equatixnlé§cwer all'pJ_. Now it is true

that the limits of integration: depend on s (for the =



1

1 -2 2
= —y— - - Al 2
Py max I [j s+m (2mP + mﬂ+) '4 s

at high energies). However it is well known that d%f7d3L.¢p”
is very small at large pl_. Therefore even at infinite energies the

integral between i + con s .
g ?1 or our experiment and EL,max at infinite energies

ymax

is completely negligible. Thus, integrating equation 6 yields.

(0 5) = ey ) 1,07

ap i

We atszo dotine a unetion F by the equation:

F(p "é)— Pimaxk* s) dp- IT.C.8
pn: v'—go an ;P‘LJ : p_L. .C.

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

depends only upon x, i.e, scaling implies the relation:
F(p);»s) = F(x) | 11.C.9

Similarly, we define a function B(y,s), where y 1is the rapidity defined”,

by equations II.BfY,'by the relation
B(y,s) = gf max | 2
| . 5; ? p(y,g$_,s) dp, - II.C.10
The 1imiting—dis£ribution hypothesis of BCYY implies
that: - B(y,s) = B(y)- - . T.c. i
We note that eqqations I1.B.7 and I1I.C,5 can be combined to

yeild

F

B

(e/ma%/ayap | I1.C.12

and therefore

(c/m)de/dy I1.C,13
This last relation is very useful for relating the number of

particles produced at a given energy to the value of}o.
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Of course we can also integratejo over all x. We define

‘ Xj s max u
3 5) = ' d; ' II.C.1
Uj(p¢3b) .(;. . f’ Xj g
j,min

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

»

of x). Therefore scaling (eqn. 2) implies that
= . II.C.1%
G(p_L,S) G(pJ_)

]
D. s " Dependence Near x = O

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 write

Fl~

fﬁ(p,*, =0, p,S) =f(p, ) -e(p,)s II.D.1

This equation can be integrated to yield

* oL

" F(p W= 0, s) = dPI. = a,__bs"‘@- II.D.2
. o

We may divide by Cﬁ%bo(and multiply by =) to obtain

v (pY - i 2 _ =
P}p(p‘\ - O} S) = E:rg?dp.J_ = C - (1'5 IIOD¢5
[ ) . -
or, because’
| = 2m +m 2 2
5= tgtEbm tqt + mbm
= i >
omigthyy, 1T Bp> M endm
We can also write
* ‘ - .
W . ‘ F =0 Yy -

Because of the factorizibility of the Regge amplitude when § 400, €

should be a universal constant.
1

Ferbel recently published a plot of F_ vs P;Eﬂfor several reactions,

F
' , v
using the worlds published data (Fe-2). It strongly supports the idea

that ¢ = 0.76 * 0.05 describes all the reaction xp — n + anything.



III. EXPERIMENTAL PROCEDURES

A. The Exposure

From mid-August to November 1, 1965, we exposed thevAlvarez
T2-inch liquid-hydrogen bubble-chamber to 6.6 and 5.4 GeV/c protons
from the Bevatron ekternal-beam (We-1). We took a tdtal of
493,000 pictures at both energies (table 1). All 493,000 pictures
were scanned and measured for events with strange-particle sighatures
(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-seétions for these events (table 5). Also, the 5.4 GeV/c
sample was not scanned for non-strange events.

The results of inveséigating various exclusive reactions contained
in this data have been reported elsewhere ( see ref. Ge-l, Be-12, Co-l1 to 6,

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

B. The Beam-Line

Our beam-liﬁe was originally set up by William Chinqwsky for
a 6.0 GeV/c proton-proton experiment, and was slightly modified for
our experiment - by the addition of another collimating slit,
specfrometer, 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, 5, and the spread in

10

’




Table III.1 The proton exposure

Nominal momentum

5.4 Gev/c 6.6 GeV/c  Total
No. of pictures | ' b2 000 351000 k93 000
Total path. length on film 6.140.2 14,7404 20.8+0.45
(events/ub)
Rolls of film (total) | 215 518 733
Rolls scanned and measured for:
2-pr6ngs | N v | 0 65 65
ﬁ-prongs - ' d 138 138
6-prongs _ 0 226 226
(both 4- and 6-prongs v 0 T 1)
8-prongs - . 0 24 2k
10-prongs v 0 2L . oh
Strange particles 215 518 | 753
Events measured and fitted for:
2-prongs ' 0 23 385 2% 38
L-prongs 0 37 052 37 052
6-prongs ' ‘ e 3 636 3 636
8;prongs 0 0 | 0
10-prongs - ' ‘ 0 0 0
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momentum,A p, are determined by measuring the curvaturg of long

tracks in the hydrogen bubble-chémber with the Franckenstein measuring
machines. We find, that whén 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 +20 MeV/e, seem';o have occurred when magnets 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
vécumn tank window. Tﬁis was necessary because the beam was aimed

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

beam particles missed the vacuum tank window and went through 1 1/2 to

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

current in M1 and M2 was varied, with a resulting change in momentum

of about * 100 MeV/c. (Fig. 1 or ref. Du-1 is a diagram of the beam layout.)

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

Reader (t@blev5), énd processed through the programs POOH or PANAL,

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

of TVGP and SQUAW) (Po-1, Al-1, So-1, Da-3).

Considerable errors are introduced if one uses the measured

beam momentum for each event, réther than the“beam a#erage”momentum.

In table 4, we compare the“beam average“momentum with the value of

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

are fit to the best kinematic hypothesis (including the missing-mass
hypothesis) using only measured momenta as input. We dbservé a considerable
spread in momentum. The very large spread in momentum for Spiral Reader T
is clearly due to the fact that we cén measure, at most, 40 cm, of the
beam track on that machine., The shift in moméntum for the SMP's and

Spiral Reader can be



’

a
" Table III.2 Beam-momenta for this experiment

(all momenta are in MeV/c

Nominal momentum

5400 6600
Normal Normal Highb
beam . beam . beam
op
1. Average measured spread for each +39 35 +h9
roll-interval
' c
2. Momentum bite determined from bean <130 X 50 v 30
' optics
. o ) L . ooa.a
3. Average difference in momentum 0 +20 : +20
between different groups of rolls
- |
4, Average momentum at y = -85.95 cm. 5423 6607 6568
(beginning of bubble-chamber
visible region)
5. Average momentum at y = O © 5402 6586 6547

(center of bubble-chamber) -

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

b. These are protons that came in above the vacuum - tank window,
and therefore went through 1% 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 wused in this paper.

c. If the coulomb scattering in 1% to 3 inches of steel is added to
this number, it will agree with the measured spread (item no.1).

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 cm.
energy loss in hydrogen (from Pa-1).
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Table ITT.> Measuring machines used for this experiment

Franck-
Topology ensteins
5 @
2-prongs- 0 /o
L-prongs -~ 50
6-prongs 100

Strange Particles 100

2. except for re-measurements which were done on the Pranckenstein's,
but are not part of the sample reported in this paper, because there

is no ionization information available for them.

Per cent of events of each
topology measured on each

~ machine

Spiral Reader I Spiral Reader II

(40cm (80cm
SMP'S radius) radius) S,
b0 % 52 °/o 68 /o )

< 10 ho 0
0 0 0
0 .0 0

- ¥




Table IIT.4 Deviation of the fitted momentum from the beam average'

value a
X . . l) 5 . ) (]
Measurin: shift in Sprcad in - Avy. c¢rror
machine | _ Pfitted Pfitted‘ - assume@

(MeV/c) (Mev/c) in TVGP

. : (Mev/c)
Franckenstein 22 _ - 392 _ *+78
s.M.P.'s . 76 ‘ +2U5 135
Spiral Reader I -65 +403 . 174

(40 cm. radius)

a. The'beamvaverage value of the momentum at bubble-chamber coordinate
y = -85.% 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
brocessed ﬁithout the beam-averaging procedure. A correction is
made for energy loss in order to calculate the values at bubble-
chamber coordinate y = -85.9%.

b.. the average value of Pfitted -Pbeam ava.

¢. the spread in the distribution Pfitted-Pbeam ave.

d. the average value of the distribution of TVGP assumed errors for

this same sample of events.




explained byroptical distortiqns iﬁ these.m;chineé. if thésé
distortions have not been fglly corrected fort _In -
fact the_Spifal Reader haa a bent mirror at.one time (Ga-é). Thé ﬁ?
Franckenstein méasures in the film plane, and shquld noﬁ be subject ..
to optical‘distortion. We assume that the shif;'in momentwn for events
measured on the Franckenstéin was aue to distortions_in the bubblevchamber
ti »

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 experiment,
using the rolléQdependent average beam momentum determined from the

previously mentioned long-track study.

Wg have included this section for purposes of_completenéss. 

However)lﬁe point out that&errofs inlthe béam momentum.deterﬁination,

or in the determination of the momentum of outgoing fast tracks, should
~have very liﬁtle effeet on the results presented in this thesis. This

is because most of the.positivé tracks we plot are ih the backward C.M.

hemispﬁere, and_moét.of ﬁhe 1 's do.nbf go too fast in thevlab. (sepfion

G). It is eésy to méaéure the momentum of such tracks ‘fairly accurately.

Also, we depend mainly on ionization, rather than_kinematic fitting, to

ildentify the particle mass assigmments for each track.

vThe underestimation. of errors in TVGP, one instance of which is
shown in table 4, has caused our caluclation.of the confidence level to
be too low. This means thaf “some good fits weé¥e thrown out or fit to
lower constraint class reactions (the actuai confidencé level cutoff wés
2 to 3 o/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 elastic cross section) (see section D), this fact

should not introduce‘anyverror into the inclusive distributions presented in

this paper. A small error of about 3 O/o'may well bélintroduced 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, have already been reported by E. Colton

(Co-1). We briefly summarize his procedure here.

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

()

selecﬁed for investigation.

The path léngth 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

-plx
Nigg = Nppl2 - )

where Nin is the number of interactions of all kinds,

t
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+ 1mb.) and x is the length of the fiducial volume scanned.

The path length for these 722 frames was therefore Nint/01

As a Cheék,vthe number of interactions on these frames are also

‘counted, yielding a cross section of 43.6+1.Tmb. A double scan

was‘performed which yielded a 99.3 o/o efficiency for both
scans. This number was taken into account in determining the

cross section.



() All the cvents found are then measured on the SMP's, and
processed through TVGP and SQUAW. ‘Thc ela#tic events are
idehtifiéd through kinematic fitting, and subﬁracted from
the total 2-prong sample, to obtain the 2-proné inelastic

cross section.

The E;prong inelastic cross section and the 4-prong cross section
found by the ébove procedure are listed in table 5. They agree with
the world data (Ha-1). Further‘calculation% must be performed in order
to obtain the elastic, and therefore the fotalv2—prong cross section,
however. This is because proton tracks 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 MsV/c range cannot be seen if they have relatively large

transverse momentum (required by kinematics fqr'the elastic events) and

are dipping or rising. This is quite obviousvif we make a scatter plot
" of the laborafory momentum, p,_against the azimuth angle about the beam
direction, q?(fig. 15. The result of this loss is a dip in d07dt near

t = O for the elastic events (fig. 18 of ref. Co-i). Colton finds that
a good straight line fit can bermade to the data for t € -0.05 and the'b
optical point at t=0, it we assume that the real paft of the tbfward
scatteripg émplitude is zero. Colton then uées this fit to correct

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

at 6.8 GeV/c, Foley et al. obtained an elastic cross section of 11.7940.22mb i

(Fo-1), and cross sections at nearby energies are also in this range (Ha-1).

Also, as Colton points out, Foley et al. have determined that the ratio

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

of 6:6 GeV/c is close to -0.33 for t=0 (Fo-2). Therefore

18 :
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Fig. III,1 - Azimuth angle about the incident beam direction for protons
produced in the elastic reaction pp = pp at 6.6 GeV/c.

Straight up (toward the cameras) is 0°, and 90° is in

the horizontal plane,
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d §/afe= \Re(f’)\e + \Im(f)) &

so that at 6 = O

dG‘/dJl:\Im f(O)|2 [1 + 0.552] 1.11 \ Ifn f.(o)‘2

Raising the entire curve on fig. 18 of ref. Co-1 by this 11 O/o is
stiil consistent with the data, and results in an elaétic cross section
of ll.28i0.6i mb, in agreement with the world's data. However, sinqe
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 té Lh-prong ratio by scanning selected rolls
of film for both 4 and 6-prongs. Unforgunately, %he scanning of this
sample was not as acCurate‘as it might have been._‘Ffom the second
scan and check scans we were able to estimate the.maximum'error
introduced in the 6 to U-prong ratio by this inaccuracy. Thié error
was much greater than the statistical error in the number of 6-prong
events, and is essentially the entire error quoted for ﬁhis ratio in

| table 5.

The 6-prong cross section is then determined by multipling fhis
ratio by the previously determined L4-prong cross section.

The eight and tbn§ prong cross sections are determined in the

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

errors are given.




Table III.5 Topological Cross Sections and related quentities
at 6.6 GeV/c

21

Topology

Total cross section

L s - . . ¢
Total inelastic-cross-section

2-prongs
elastic

. . €
inelastic

f

total

h-prongs®

6—prongsh
i
8-prongs

1O—prongsl

Strange particlesJ

Ué-prong/dﬂ-prong.h

Ug

0iO-pron h—prongl

2-prongs

elastic
inelastic
tolal
L -prongs
6-prongs
2-prongs
| elastic
inelastic
total
h-prongs

6-prongs

(O 1
-prong’ ~ 4-prong

Cross Sectionsa
(mb)

L1
- 28.8 + 0.8

I+

11.79+ 0,22
16.83t 0.70
28.62 * 0.75

10.50 * 0.46
0.727 + 0.094
0.022 * 0.008
0.009 * 0.005
0.67k

Cross Section Ratios
0.0692 + 0.008k4
0.0021 + 0.0008
0.0009 * 0.0005

I+

- . ... K
Events remaining after fiducial
criteris are imposed

6286

12908
19194
25535
2750

' k
Path length after fiducial criteria
are imposed (events/ub)

0.619
0.767
0.711

2.43
3.78
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Table IIT.5 (continued)

Daiitz vairs do not make an important contribution to any of
the cross sections presented here. (see appendiz A)

from other experiments -~ see Ha-1

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

from Fo-1 for 6.8 GeV/c. See text for why our value was not used.

calculated from the results reported in ref. Co-1

sum of elastic and inelastic 2-prongs

from ref. Co-1

The error in ©. / o is almost entirely the result
6-prong U4-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 essentiélly the result of the statistical

orror ol 7 and 5 events (ror the 8-proms and 10-prongs, respectively)s

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 Ggev/c is 0.624 mb.

refers only to the fiducial criteria used for this paper
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Contamination by Dalitz-pairs does not atfect any 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 chaﬁber in which the
interaction must take place. Along the beam direction, there is a
about 170 cm. length over which an interaction is visible. Our most
sevefe volume'cut (in termé of thé-number of.events lost) restricts the
allowed region fér'the'interactidn vertex to the central 120 cm of this
length. Restrictions are also placed on the other two dimensions.

To eliminaté non-beam events, the beam momentum is restrictéd
to be: between 6350 and 6850 MeV/c, and the entering angle is restricted
to being within 5 degrees of the avefage entering angie. |

‘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 cén be.seén by comparing tables 1 and 5. |

The path lengths listed in tables 1 and 5 were determined from the

cross sections reported in table 5.
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E. Cross Sections by Constraint Class and the Number of n's in the

Final State

The only unseen hadrons produced in appreciable quantities
are n's and heutrons; We shall ignore the small amount of.photons
which are produced, for example, by’)]decay. We shall also ignore
.deuteron and kaon final states. Since fhe only final state particles
ére therefore pions, neuﬁrons, and protons, it is obvious that adding
a neutral pérticle means incfeasing the number of pions by one for any
siven topology (refer to table B.1).

We present‘below, a table of créss sections by.constraint classv
and number of pions. These numbers came from ref. Co-l whenever possible,
excepl. for the prcviously discussced case of‘the eclastic 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-prongs = L-prongs 6—Efongs
Y ' 11.8#0.2 (Ox) 3.0#0.2 (2r) 0.284C.0k(kx)
1 7.020.% (1n) 95.1#0.4 (Bx) - 0.4020.06(5x)
o 9.910.6(321) 2.420.L(3kx)  0.05%0.05( 6x)

Total  28.740.9 10.540.5 0.7340.09
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F. How the Plots Are Made

Bach track is assirned a.weiﬂht, consisting, of'tﬁe product of
threce numbers, as will be explained below. Dchte the weight for track
1 by wi. For each plot that we.wish to make, we accumulate histograms
of LA and wig. The w hi;togram gives the value of the data points and
the square root of the w2 histogram gives the error of the data points.
(Actually, we_add a typical track to the w2 histogram. This means that

1

1 Sl .
our error corresponds to (n+l)® rather than n®, 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
sald that we can write

ﬂ = wl w2 WBf » IIT.E.1

We shall call wi’the tbpology weight. It'gives the number of microbarns

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

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

W = G/no. of events. - ITT.E.2

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

amounts of film for the different topologies.

We call w, the distribution weight. TIt depends on the particular

2
distribution being plotted. For example, when we plot d%r/dglgp"(lab),

v, is given by

¥, = 1/(Ap,Ap, (18D) ) . ITI.E.3

*ﬁhe elastic events are treated as a separate topology, for the reasons

explained in section D.
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where A pl?nd Ap"are the bin widths of the weight histogram. Similiarly,
: o v N
if we want to plot ?, we accumulate a weight histogram in AQLAp”, where
Wp 15 ;_?‘I]_Vt“.ll bv ,
v = B/ (2. Op Ap
(see eqn. II.C.5)

" We call w, the sampling weight. It depends on what fraction of

5
the total nﬁmber.of tracks are used. »If allithe tfacks are‘used once;
it ié siﬁél& éet to one. If we take advantage of tﬁe symmetfy of pp
inferactiéns in-order to increése‘our étatiétics, By considering a B
. given track frist‘in the target réét frame (iaborétoryj énd then iﬁ

the beam rest frame,as we do for the n , we set W3 equal to % each

p)

time we accumulate the track. If the subtraction method is used, w5

may be set to -1 and -% as well (see the next section).
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G. TIdentification of Particlecs

1. Outline of the Problem

In this paper we report only on those events having no strange
particle signature (no charged particle decays and no V's). There are
therefore six possible particles bf interest: the ni,_Ki,vproton, and
deuteron (Dalitz-pairs caﬁ be ignored, as is shown in appendix A.)
Since the n is the only negative particle produced in‘appreCiable
vquantities; all negative tracks are assumed to be n"s.. Identification

of the positive particles is not so simple.

2. Particle Identification Through the Application bf Energy-Momentum

Conservation to the Entire Event

In principle, those events having at'mosﬁ one neutral particle
can be identified by the application of energy-momentum conservation;
Furthermore, there are inequality conditions for evénts with two or
more missing ﬁeutrals. In practice, however, the efrors in the measured
momentum often prevent the reliable determination of the final state by
this method - except for those events with no unseén particles (see
Appendix B). However, only a small fraction of the evenﬁs'have no unseen
final state particles (table 6). To do an inclusive experiment, we must
be able tq 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

RBD = 1 =1 + M~ ITI.F.1
: 2 2 : :
= p
where B is the velécity of the particle that made the track and
M and p are its mass and mbmentum.' Of course, in practice, dipping or
risiﬁg tracks are forshortened, and this increases ﬁhé traék density
(TD) on the film.

For those events measured on the Spiral Reader, the darkness of
each track_(pulse height) is fecorded. These pulse heightscan be used
to calculate a bubbie-density Xg.for the.eﬁtire event. For a given
kKinematic hypothosis, TD is compuled Yof eéch track, based on the
momentum, angle, and supposed mass of that traék; These TD's are
compared with the TD's determined from the pulse height measurement, .
and a X2 is computed for the entire hypothesis . For those events
measured on thé Franckensteins and SMP's (about half the 4-prongs and
all the 6—prqngs), no pulse height information is recorded. However,
all the h—prongsbwere looked at by a person, who determined which of

"the various predicted track densities were correct (hypotheses with
incorrect track dénsities were rejected). When these events were
measured and processed (1967), the track densities detérmined from
the Spiral Reader pulse-hights were somewhat less accurate than could

be estimated by a person.

28
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Unfortunately, the G-prong data contains no track density
information. . liowever, for reasons that will be stated at the end of

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

ij

(4191

iz. 2 displays the aliqwed region in:plp“space for éutgoing
n's and protons. The regions of bubble density< 2 and‘v BD< 1.5 are
marked off bj very heavy-lines. Almost ali the n's having pf\(()
are distinguishable, but protons with p:>'43.16 GeV/c cannot be
separated frqm the ﬂ+ backgrbund on the basis of bubble density>alone.
[Fig.'E also shows that tracks at vefy‘highvlab-momenta must be protous.
For case in.progfamning, we do not make usé 6f this féct, however. Using
these events does not Significantly increase the regién of phase ségce
that we can Sée.]

Fig 3 is a distorted version of figure 2, Wifh a selection of
evehts plotted on it. It so happens that we have only plotted the
2 and 3n final states from 4-prong reactions. We alsd'tabulaté the
number of pérticles in the various regions of these ééattef plots
(table 7).

Because the proton‘distribution for 2—prongs-ié more sharply
peaked backward and forward than for these b-prongs, a larger fraction
of the protons from 2=prong: cvents should be ddentifiable from their

bubble densities. Even so, the situation is not satisfactqry, since
N ‘ .

=Oo
1!

we are quite interested in protons near p

4. Determination of the = Spectrum

We have just shown that the use of measured bubble densities
enables us tb identify almost all the n+ tracks in the backward hemi-
Sphére of the C. M. systém. Because the target and_beam are identical
particles, we therefore know the n+ distribution everywhere in the

C.M. system, and, in fact, everywhere in all frames.
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Fig. ITI.2 Allowed phase space, in both the lab. and C.M., for'Outgoing n's

XBL 720-16€h

and protons from the reaction pp —»ppx+n- at 6.6 GeV/c. Four
curves of constant C.M. momentwn are drawn on each graph. (p* =
ﬁpﬁax’ ép:ax’ %p:ax’ andd p:ax)' 'zhéré are also 11 curveé of
constant C.M. scatiering amyle (8 = 0°, 18°, 36°, ..., 1.800).
Curves of py_, = 0.938 and 1.327 GeV/c, which correspond to proton
relative bubble densities (RBD) of 2 and 1.5, are also drawn on
each graph. A proton with RBD ; 2 can easily be distinguished

from a n,'whereas a proton with RBD <'1.5 cannot.
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In actual fact, each backward n= is plotted twice. One time it

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

*

the x variable are only plotted for positive x.) The sampling weéight,

reflected throught p, = O (because of the obvious symmetry, plots in
: o+ ‘
w, is set to ] (see scetion F) because, although each n is plotted:
B + , '
Lwico, only halt of the n 's arce plotted.
' +

We have just shown that the x distribution can be.determined

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

¥

of the kinematic fit information and the bubble density information

4N

us
for the entire event. This can only improve the situation, enabling us
to identify some of the small number of baékward n+'s which cannot te
identified on the basis of their measured bubble densities alone. Also,
for the reasons detailed in Appendix B, we always accebt the result

" of a LY-constraint fit.

5. Determination of the Proton Spectra - the Method of Subtracted

Distributions

We have just seen that it is not possible to isoléte all the
proton tracks in the backwﬁrd C.M. hemisphere.ﬁy the use of bubble
densities. However, for the purposes of this paper, we do not need to
be able to:identity‘each barticle, but only to obtain particle distributions.
If, as previously mentioned, we ignore tﬁe small amount of_K+ and deuteron
production, there‘are dnly two types of positivé.tracks: thé ﬂ+‘and proton.

Now, we obvibusly know the positive particle distribution everywhere
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(in the laboratory framec). However, we have just scen that we also

’ o4
know the =

distribubion cverywhere. We therefore can simply subtract

+ ' .
the = 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 W-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 pfoton

distributions. In the following discussion, tracks are considered - most

1ikely to be protons on the same basis that tracks are considered to be

. . .
n 's in section k.

. - ) . * v
(1) All tracks most likely to be protons are added if p 0 (proton)

meas
/
(0. The 4-vector is determined frem p and the proton
meas lab

" 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 welght, = is set to 1. Because of our

w3,
previously mentioned confidence_in L-constraint fits, steps 2

and 3 are omitted for U-constraint fits.

(2) If a track is considered most likely to be a n+, and if (i)

(3)

meas

LI
pl((n ) >0 and (ii) Plap 2 938 MeV/c, than a "proton"

. meas !
h-vector is formed from Py and the proton mass.

This Y-vector is transformed to the C.M. and called p*
*
i
L-vector to our distribution (W5 =1).

(proton). - If (iii) p . (proton) 20, we add this "proton"

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

R N —>
(i) pl\(ﬂ ) {0, we calculate ptlab by first reflecting
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. ' V*‘ + . . * .+
the b-vector p (x ) about P“,= 0 |so that pl|(ﬂ )

* + C “.'new .
[ - i ’ = ) d th
p\‘(n )oldf while ?L,new glvold]’ and then transforming
this new pion 4-vector back into the laboratory. If (ii)
e > 938 MeV/e, we f “proton" b-vector from pr
pla&)> 9 ev/c, we Qrm a "proton” fjec or from plab
and the proton mass. This b-vector is transformed into
, _ .
the C.M. system, and called p (proton). If (iii)
* . - . . .
p|‘(proton) £0, we subtract this proton 4-vector from our

distribution (w5 = -1).

. o .
(%) A1l the "proton" lk-vectors are;now_reflectedaphrough_P“ = 0,

and plotted again with the same value of Wy e

Figure V.10a shows the'differences in the prqton_distributions if
one uses or does nqt use this subtraction prdcedurei vThey can be as
much as 30 0/6 for the 2-prong$.

'Finally;'we‘must note that because ho bubble density méasurements
were performed on the 6-prong sample (for historical reasons), all the.
6-prong n+ and proton spectra have an unknown systematic error. However,
the smallness of the 6-prong cross section should pré#ent this error from
making a serious contribution to the error of the total spectfa. Furthér-
more, there are very few miséing mass'events‘in the 6-prong sample, so the
problem of particle identification is very much simplified. Also,
the n" spectra do not seem all that different from fhe:n- spectra, and
the trend of the data with increasing prong number is continued, so

things should not be too far off.



The strategy that we just described is a modification of a
procedure first developed by J. Anderson and D. Smith (Sm-4, An-4).
Theilr method allows one to determine the ﬁ+ and proton distributions,

oven if no bubble densities have been measured.




Table III.7 Number of particles in various regions of p, p, space for
some events fit to pp - pp ntx~, pprtn~r® and pnntn "

at 6.6 GeV/ec.

Per Cent
. of Particles
« _ 7 Bubble Density No, of Particles hln‘ea;h
p - Pp(lab) for Prot . heniephere
(MeV/c) | tor Frotons 7 protons 7 protons
: a
30 < 938 > 2 5123 0 38 0
938 to 1327 1.5 to 2 2780 0 a1 0
21327 1.5 5428 15560 - 4 100
133117 15560 ° . 100 100
< o8 o 5e® 11860 8922 %.0 55
938 to 1327 1.5 to 2 LL8 334 .6 20
> 1327 | <1.5 175 hose L 25
' 100 100

12483° 163187

; T
= S wi =
a. B. D.=1 for x S with p, -~ 938 MeV/c.

n_ - o :
ZET B o021 0.0062 for x" and 0.0237 + 0.0056 for protons

b. assymetry parameter A = oy ry nB

*
where ng = the no. of particles for which p, S 0 and

» *
the no. of particles for which p‘l< 0

!

6€

g

£
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H. Particle Production Cross Sections

In inclusive reactions, we count each particle of a particular
type, regardless of what.other'particles are produced aldng with it.
Tt is therefore relevant to tabulate the cross sections with whiéh '
different particles are produced.

Since essentially all the negative pafticles aré n's, the
nunber ofvn-'s per event depends only on the topology.' Therefore,
the prodmntion.crbss—sectjons can_be‘caléu]ated trivially from the
topological @ross—secLions presented in table 5 (i.e. A b-prong pgives
one 7 and a 6-prong gives.Ei's.); The total n_ production cross-section

is 11.9540.50 mb.

Because both ﬂ+'s and‘prbtons contribute to the positive parﬁicle
cross section, a different procedure must be used. Consider a sample of
events ofvsomé definite topology. By definition, the averagé numbef of
particles of type x is simply the total number of particles of type x
divided by the total number of events. We obtain thé total number of
ﬂ+'s and protons by a procedure similar to that used for making plots.

This procedure was described in the two preceeding sections.

Specifically, we obtain the total numbér of 7t's by. counting
the number of n+'s in the backward C. M. hemisphere and multipling by
two. This takes advantage of the symmetry of the ép 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 n+'sland protoﬁs, together
with the production cross-sections obtained form them; are listed in

tables 8 and 9.
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Table ITI. 8

n+ production cross sectionsvaccordihg to
the number of charged particles in the
final state (prongs) for

 pp a4+ anything at 6.6 GeV/c

2-prongs (inel.)

2-prongs

6-prongs

total inelastic

elastié

total

a. from.table 5
the

futoraction & Avise No. Production
Cross Section ol outyoiry: = Cross Section
(mb) s (mb) '
a c

16.83 + 0.70 0.883 + 0.028 14.86 + 0.78

d - .
10.50 + 0.46 1.460 * 0.011 15.33 + 0.68 ¢
4 ) e
0.727 + 0.09% 2.28 =+ 0.0k 1.66 * 0.22
B e | .
28.06 + 0.84 1.13% # 0.020 31.9 £ 1.1
11.79 + 0.22 0 . 0
“ c f
39.8 + 1.0 0.833 + 0.019 31.9 + 1.1

b. paverage is reduced and the error is increased to account for

the fact that the uncorrected values give {np,) +

<nprotoﬂ>=

2.05 for 2 prdngS, whereas 2 is the maximum Hllowed.

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.

R



Table III. 9

Proton production cross sections according

to the number of charged particles in the

final state (prongs) for

pp — p + anything at 6.6 GeV/c

Interaction ° Avg. No.
Cross Section X of outgoing =
(mb) protons
o_prongs (inel.) 16.83.% 0.70 1.116 + 0.0%0 °
L-prongs 10.50 * 0.46 1.535 * 0.01k d
: a
6-prongs 0.727+:0.94 1.70 +.0.0k
e ’ c
total inelastic 28.06 + 0.84 1.288 + 0.020
clastic 11,79 0.0 2
e .
total 39.8 * 1.1 1.499 + 0.017°

a to f. see footnotes on previous tablé

Production a

(mb)

Cross Section

18.78
16.12

1.23

36.1
25.58
59.7

+

—

0.93
0.72
0.16
1.2

ik
103
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TV. RESULTS: n  SPECTRA

- A. Comparison with Higher Energies in the laboratory System

Dennis Smith showed that for protoh-proton collisioﬁs from

13 to 28.5 GeV/c the dataare consistent with the‘hypdthesis of limiting
fragmentation in the target reglon, that is dCT/dEL@pIKlab) is independent

of the overall energy of the reaction (Sm-1). He therefore only tabulates

d T/dp p averaged 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 O. 7 GeV/c, we plot d J/dpLgp“

for 1~ versus pH(lab) for both experlmentsjﬁtvarlous vertlcal lines are

drawn on fig. 1 in order to show the relation between the C. M. and lab.
systems for each ELinterval. The rightmost pair of broken lines on each

plot are the minimum and maximum values of p“(lab) for x = O 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 1ines.correspond‘t0'the minimum and maximum
values of p"(lab) for %= -0.5. Clearly p“(lab) changes slowly with s, for
constant E}’ in this region of 5.5 Finally, the two leftmost pairs of lines
"indicate the minimum value of'p“(lab) possible over the range of ELend s

in question,

1—However, 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
he has actually tabulated d Jde p"(beam rest frame) + do‘/dELdp”(lab)
in order to improve his statistics, just as we do, but he has not d1v1ded
the sum by two, as we do (Sm-2).

:¥We plot d r/dp dg,rather than f’ defined by equation II.C.1l) only because

D. Smith chose to do this. As we demonstrated in section ILC,. dtf/dngp,,

(lab) can be independent of the incident particle energy if and only if

p(py, B 8) = p(p_L,pn)-
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Table IV.l. A comparison of this experiment (6.6 GeV/c) with -
| D. Smith (13 to' 28.5 GeV/c - ref. Sm-1) for the

» VLS T 5 |

reaction pp - n '+ anything: d O"/dp_Ldp”vs. 3'(1ab)

lfor { intervals j“-}?L' [t.abu.lation ol the dp.ta in

daﬁdp_;_dp " ub_/0.0l(GeV_/c)? Cross Section
P pf_ . P"(lab) | Pbeam:15 to APbeaE6'6 Ratio
(Gev/c) (GeV/c) - (Gev/c) S 28.5 Gev/c GeV/e Smith/this expt.
0.05 ~  0.0025 -0.25 . 1.5 = 0.5 0.60 * 0.4 2.5 + 1.9
-0.25 L5 + 1.0 5.80 + 1.1 0.78 + 0.25
-0.15 37.0 + 3.0 43,0 * 3.0 0.86 + 0.09
20.05 147.0 £ 6.0 125.2 £5.0 1.18 = 0.07
0.05 267.0 + 8.5 215.2 %6.5 .24 + 0.05
0.15 330.0 * 10.0 203.9 * 6.3 1.62 £ 0.07
0.2 208.0 + 9.0 184.9 * 6.0 1.61.% 0.07
0.15 0.0225 - -0.25 11.0 + 1.5 - 8.50°% 1.3 1.29 + 0.27
. -0.15 . 60.5 £ Lo 67.0 £3.7 0.90 + 0.08
20.05  211.5 % 7.5  213.6 *6.6 0.99 £ 0.05
0.05 BUb5 o+ 11,5  362.4 * 8.5 1.235 + 0.0k
0.15 - 552.5 + 13.0 413.7 * 9.0 1.34 £ 0.0k
0.25 578.0 * 13.5 397.8 # 8.8 1.45 + 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 + 1.0 1.87 £ 0.50
' -0.15 2,5 £ 3.0 W65 +3.1 0.91 * 0.09
~0.05 113.0 + 5.5 100.6 # 4.5 1.12 + 0.07
0.05 239.0 + 8.0 203.2 * 6.4 1.18 + 0.05
0.15 3440 £ 10.0  27h.7 £ T.4 1.5 £ 0.05
0.5 hq7.b‘:_11,o 293.3 .+ 7.6 1.39 £ 0.05
0.35 408.0 + 11.0 29h.5 % 7.6 1.39 + 0.05
0.5 k5.0 £11.0 26k £ 7.2 1.53 + 0.06
055 377.5.%10.5 2319 £ 6.7 1.65 + 0.07
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Table IV.l (continued .

d%’/dp_l_dp” 1b/0.01(GeV/c )2 Cross Section

P p21 ‘,',b Pn(lab) Pcam™ Y0 Ppogn -0 Ratio
(Gev/c) (Gev/e)” (cev/c) 28.5 Gev/c GeV/c Smith/this expt
- 0.35 S 0.1225. L -0.25 2.0 % 0.5 0.2 % 0.2 10.0 * 10.3
-0.15 18.0 + 2.0 15.2 £ 1.9 0.98 = 0.15
-o.oé h9.0 £ 3.5 L8 + 3 1.09 + 0.11
0.0 83.5 + h.% Ro.4 + b 1.04 £ 0.08.
0.5 5.5 + 0.0 122.0 £ 5.0 L.17 +  0.07
0.2 193.0 = 7.0 8.6 5.4 1.30 £ 0.07
0.35 234.0 * 8.0 150:9 £ 5.5 1.55 + 0.08
0.L45 236.5 * 8.0 151.2°+ 5.5 1.56 £ 0.08
0.55 248.0 + 8.5 k0.1 £5.3 1.77 + 0.09
0.65 ohh.5 + 8.0 130.9 + 5.1  1.87 * 0.10
0.75 209.0 £ 7.5 105.8 + 4.6 1.98 + 0.11
0.45 0.2025" . -0.15 4.00% 1.00 1.20¢ 0.50  3.33 + 1.62
‘ -0.05 17.0 + 2,00 15.0 * 1.80 1.13 * 0.19
. 0.0 30.5 + 3.00 .  38.2°+ 2.80 0.80 * 0.10
0.15 51.5 + 3.50 48.5 + 3.20 1.06 + 0.10
0.25 83.0 + 4.50  66.2 % 3.70 1.25 £ 0.10
'0.35  103.0 ¥ 5.00 63.4 + 3.60 1.62 + 0.12
T0.hs 120.0 * 5,50 8%:2 + 4,10 1.4 + 0.10
0.55 123.5 £ 5.50 T9.7 £ 4.00 1.55 £ 0.10
0.65 135.5 * 6.00  81.1 +L4.00 . 1.67 + 0.11
0.7  123.5 *5.50 68.7 +3.70 1.80 £+ 0.13
0.8% “124.0 * 5.50 C65.9 * 3,60 1.88 + 0.13
0.%% 126.5 + 6.00 55.1 % 3.30 2.30 + 0.18
0.55 0.3025 -0.05 1.50% 0.50 . 0.80% 0.Lo 1.87 £ 1.13
o 0.05 10.0 + 1.50 6.40+ 1.20 1.56 t 0.3
0.15 16.5 + 2.00 15.8 + 1.80 1.0k + 0.17
0.2 30.0 + 3.00 29.3 + 2.50 1.02 £ 0.15
0.35 42.5 + 3,00 33.8 + 2.60 1.26 £ 0.15-
0.45 55.0 + Lo 36.6 + 2.7 1.50 = 0.16
0.55 59.0 * 4.00 424 + 2.90 1.39 £ 0.15
0.065 7.5+ .50 ' 39.6 * 2.80 1.91 + 0.18
075 67.0 £ k00 b2.8 290 157 % 0.1k
0.85 6h.5 + 4.00 39,7 £2.80  1.62 % 0.15
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Table IV.1l (continued)

. deﬂdpfpl, pb./_0.0l(Ge._V/c)gl . Cro;s fgction
L 1 1 P =13 to P .=6.6 _ atio
(Ges/c) (GSV/C)Q | (Gev7c) 2§?§mcev/c béi?/c»- | Smith/this expt.
0.9 65.5 + 4,00 38.0 * 2.80 1.72 + 0.16
0.05 635.5 + 4.00 k0.5 * 2.80 1.57 * 0.15
1.15 61.5 = koo 32.% £2.50 - 1.90 £ 0.19
1.25 61.0 + 4,00 27.7 + 2.h0 2.20 * 0.24
1.35 56.5 = 4,00 23.7 * 2.20 2.38 +0.28
\ 1.h5 52.5 + 4,00 25.2 % 2.20 2.26 *+ 0.28
0.065 0. b5 | 0.5 1.50% 0.50 IO.GOiFO.hO : 2.50 * 1.86
| | 0.15 0% 1,00 2.90% 0.80 195 £ 0.5
0.25 11.5 + 1.50 7.10% 1.20 C1.62 % 0.35
0.35 15.0 £ 2,00  9.80* 1.bo . 1.57 £0.30
0.45 20.5 * 2.00 17.5 * 1.90 1.17 % 0.17
0.55 23.5 + 2,50 18.4 +1.90 - 1.28 % 0.19
. 0.65 30.0 + 3,00 20.1 +2.00 1l.k9 *0.21
. 0.75 32.0 * 3.00 20.6 * 2,00 j 1.55 + 0.21
- 0.85 36.0 + 3.00 19.3 £2,00 °  1.87 *0.25
0.9 39.5 '+ 3.00 18.5 * 1.90 2,14 + 0.27
1.05 35.0 £ 3,00 15.2 * 1.80° 2.30 * 0.3k
1.15 34,5 + 3,00 17.9 * 1.90 1.97 £ 0.27
1.2 33,0 + 3.00 17.h * 1.90 1.90 + 0.27
1.35 55.0 £ 5,00 13.8 £ 1.70 2.5 £ 0.38
1.5 35.5 £3.00  12.8 * 1.60 S 2.77 * 0.2
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Fig. IV.2 d207d§_Lclp|‘ vs. p,(lab) for pi: 0.21, 0.41, and 1.03 (GeV/c) for pp -+ + anything. A
comparison of this experiment (6.6 GeV/c) with Akerlof et al.. (12.4 GeV/c - ref. Ak-1).
A broken. line joihs points having Xz = 0.489. This graph is obtained by transforming
the points of fig. 3. Plesse note: The data point is at the apex of the triangle
symbols, viz. Aand v It is at the center of all other symbols, viz, E ,@, ete.
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We'opserve that for 53?%—0.&, our data‘is”in good agreement
with D. Snith's,_gxuept {for our highest EL inﬁcrval (fof which P =
éQL,max; 3_,max= 1.35 Gey/u). However, our data,fal;u below Smith's
for»gsg -0.4. There is also some disagreement at the very lowest_&,,

‘where the diffefential cross section for our energylis always less than
for higher energy.

A similar comparison is made with the i?.h GeV/c counter data of
Akerlof et al. ’(Ak-l) in fig. 2. The upper two curves (p_i = 0.21 (GeV/c)e,
corresponding tO-fig. 1e)\shquagreemgpt at small values of;q‘(lab), while
the next two curvesA(pi_ :'O.hl(GeV/c)g, corresponding to fig. lg) do not
quite agree, even for small Py the 6.6 curve 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 Akerlpf et al.'s points are not uniformly spaced in
p”(lab)f ‘Therefore, in order to make a bin-by-bin cgmparison with their
points in the lab, as we did for D. Smith's points, we would have to
accu@ulate a histogram for ouf 6.6 data with a non-uniform bin width. This

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

form of fig. 2.

.—'—

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 %‘is partly below the kinematic limit,

while that for the higher energy experiment is not.
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B. Coﬁparison with Higher Energy in the Central Region

Next, we investipate the properties of the cenfra] region, i.e. the
region of small.‘xl; Becausevthe value of p”(lab) fér X = O depends
strongly on s, the lab. system is not appropriate for the.study of this
region, and we therefore compare data in the C.M. system, choéing Feynman's-
x and Ql_aé our variable (Fe-1). Because the data tabulated by D. Smith is
avéraged over a variety of energies, it i1s not possible, strictly speaking,
to transform it to the C.M. system, and wé therefore confine our attention
to the lé.h GeV/c counter data.
| | Fig. 3 displays pvs x; for three different values of g for both
our data and Akerlof et al.'s. (also see table IV.2.) . We bin our 6.6 GeV/c
data so'that‘the center of each of our bins is equal in both x5 and gi_to one
of Akerqu's points. (The effect of our having to take a iarger bin in P,
than does Akérlof is not crucial.) Clearly, there is no agreement for x2 O
where p(12.4)x 20(6.6). We also note that the ratio p(12.4)/p(6.6) increases
with increasing pf:

Because the one particle distribution_forbointsshould.be fairly smooth,
the single high 6.6 GéV/c data point at x5 - 0.54 and gi_: 0.21 (Gev/c)2

is believed to be a statistical fluctuation.

-
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Fig. IV.3 (vs. x3 for p_‘2_ = 0.21, 0.41, and 1.03 (GeV/c)2 for pp = 1"~ +
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
. 2
widths Dx = Akerlof's spacing in %z, and Api: 0.1 (Gev/c)".

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

symbols, viz. Aandv .
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Table IV.2. A comparison of this experiment (6.6 GeV/c) with
Akerlof et al. (12.4 GeV/c - ref. Ak-1 for the

reaction pp >+ anything:

0 VS, x5 for three

2 .
values of p, . [ tabulation of the data in fig. 5]

0.21

.052
.100
.1k49
.197
246
2%
.343
392
4ho
.489
538
.586
635
.683
L7132
.781
.829
.878
.926
<975

O O O 0O O 0O OO0 0O 0O 0 0 0 O C o o o O O

f= Edéa"/de (ub-cB/GeVQ)

P ooam = 12.4
3910 * 430
3390 + 3hko

2740+ 250
2140 + 170

1620 + 110
247 £ 75

968 * 58

Bh o+ 37

5Ly = 27

h15 + 21

303 £ 15

210 + 11

12h.bx 6.2

60.3+ = 3.0

Py cam™ 6.6
2170 + 100
2050 £ 99
2030 * 101
1536 £ 91
1233 + 83
1214 . 86
1124 £+ 86
882 + 79
730 = 75
536 + 66
772 + 82
“ho2 + 62
345 £ 59
. 260 £ 53
219 + 50
34 £ 23
12 VL

S15

<1

0

Ratio
Pron / Foe

1.91 + 0.23
1.67 + 0.19
1.78 + 0.19
1.74 = 0.18
1.34 £ 0.13
1.11 £ 0.11
1.10 £ 0.11
1.01 + 0.11
1.02 * 0.1k
0.54 £ 0.06
0.75 + 0.12
0.61 + 0.11
0.48 + 0.10
0.27 + 0.06
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Table IV.2 (continued)

bl
(VIO

0.41

1.03

.O5é

L1149
- 197
.2L6
.2%
343

.hho
.1489
538
586
.683
132
.781
.829
.878
.926

O O O O O O O O O 0O 0O O 0 O o o o O -

-7
L105
153
.201

© O O O O

0.298

0.346

0.39h4

.100

392,

250"

302

‘§>:.Edqf/dp5 (pb—cD/GeVQ) _

beam

P =12.4

1280

1210

1000
919
768
641
525
5%

N L . . Ty

i+

211

97.2%
8h.6+
T3.h+
6h. .5+

52.7%

Lo.9+
32,7+

140 :
120
96
>
5
38
32

- 20

Al5
11

6.8
5.9
5.1
3.9
2.6
2.0
1.6

(@)

Pbeam
573 -+ 61
547 £ 60
530 + 60
431 = 55
5kl x 63
B o+ 58
376+ 56
286 * 50
222 o+ b5
159 + Lo
108 & 3k
115 = 36
25 £ 30
36 + 24
13 £ 18
13
142
0
b1 + 23
32 % 21
11 = 15
43 o+ 24
33+ 22
211
57 # 28
212

N o~ o \WN

b

15
40
.38
.36
.33

.- Ratio

$r2.4 / Fe.6

2.24
2.20
2.01
2.13
1.
1
1
1
1
1

I+

H o+ I+ I+ I+ 0+ 1+

i+

0.3k
0.33
0.29
0.32
0.19
0.21
0.22
0.2

0.29 .

0.3k4

53



Table IV.2 (continued)

‘P::Eﬁéf/dpj ' (quCB/GeVQ)' Ratio
2 - - . ‘
Py X Pbeam:m’“ Pbeam = 0.6 SD 12.1+/)o6.6
1.03 C0.hh? 23 1.2 12 %17 2.0 £ 2.8
0.491 15.98 *£0.80 %12 : s 1.3
0.539 10.12 %= 0.51 Qs 30.7h
- 0.587 5.89 *0.29 %13 S S0.43
0.635 5.25 +0.16  qb® " 3 0.22
0.683 1.53 +0.09 %143 ‘ 30.10
0.732 0.628 * 0.04k4 0

a. This data point is not plotted on fig. ¥ 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.

oL

v

We also compare our data with the 12 and 2L GeV/é bubble chamber
experiment.of Mick et al. (Mu-1, 3). To inVestigate the s dependence
of the stfuctﬁre function p, we plot o against s-l/u, as suggested by
Abarbanel (Ab-1), for fixed values of p, and x + In fig. I we take
x %0, and plot the distribﬁtion for fixed pl_vaiﬁes. (Also see table

5.) 1In fig. 5, we take D = 0.2 geV/c, and plot the distribution for .

fixed Xl values. In both cases we see that the dataare consistent

-1/h
with an s l/ dependence, although it can - be fit by other s dependences

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

6 is Ferbel's graph (Fe-2) with our points added to it. jHere p has
g

' 2
beeri integrated over P, at x = 0, and the result»multiplied by ﬂ/ﬂqﬁﬂ

where 5%00 is the pp cross section at infinite energy.]
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Fig. IV.h P= EdBo‘f/dp5 vs. s-% for pp » . + anythirig for 5 intervals
in p, and | y*] < 0.1 (see eqn. II.B.T 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 10xpP
rather than f for p_L$ 0.4 gev/c.



Table IV.3. A comparison of this_experiment (6.6 Gev/c) and Mﬁék'gz al.
(12 and 2k GeV/c - ref. Mu-1l) for the reaction pp - x +
! -y

. * ).
anything for |y {Z0.1 [ tabulation of data in fig. L |
o

A
3 ;
& = Ed 6‘/de (ub - CB/GeVE) for ‘ f{{_o.l
P P P =12 GeV/c p =6.6 GeV/c Ratio Ratio
(cev/ce) beaﬁgu Gev/c © beam beam pol/ 010 » £12/06.6
0 .- 0.2 28100 * 1200 22930 + 760 15170 £_h80 1.225 * 0,067  1.511 % 0.06kL
0.2 - 0.4 15060 + 470 10040 + 300 6220 + 180 1.301 * 0.061 1.1k * 0.067
0.4 - 0.6 k260 + 190 2970 * 110 1645 £ 72 1.L3L £ 0,085 1.61 £ 0.10
0.6 - 0.8 1128 + 8k 780 £ 55 hkg £ 32 15 £0.15 1.7k £ 0.17
0.8 - 1.0 303 + 31 202 + 19 90 t 13 1.5 % 0.26 2.24 + 0.39

BGG
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Fig. IV.5 puvs. e/ por pp->T  + anything for’xl =,0, 0.1, and 0.2,
and p = 0.2 GeV/c. The data are from this expt. (6.6 GeV/c),
Mick et al. (12.& 24 GeV/c - ref. Mu-1), an ISR expt. (225

to 1500 GeV/c - ref. Be-6), and a value calculated fzjom‘!'r'c
production at the ISR (as plotted by Mick et al.). The

straight lines are drawn through the points by eye.
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Fig. IV.6 F (o) = = fE*(d 0‘7’dp|\dp_‘_)dg_4p*_ VS, Pincident ¥ for
_ the reactlons xp - y + anything, where x = D, K s n+, or 7
and y = < or p. This is Ferbel's plot (ref. Fe-2) with the
‘ n~ point for this experiment replotted correctly and the

T+
%' and proton points added (see section V).
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C. Comparison with Uigher Energy Using the Rapidity

Still a third variable that is sometimesvadvoéated in comparing
inciusive aata is the lab. fapidity variable, y -_tanh-l[p“(lab)/EGlabi).
In fig. 7 we compare our data with Akerlof ¢t gi.fs- in fhis 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
bséme points as on fig. 2. To make a plot of‘jﬁvs. y-ymin’ we wouid
shirt each set of points rigidly ﬁp the right, but Akerlof et al.'s
points would be shifted further right than ours, because Yin is lgss
for their points. We indicate the relative shift of theirvpoints'by
attaching a rightwérd pointing arrow to some of them. For the lowest

p. , the curves would have a crossover point.

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

y = tanh’l(p“ /E)

XBL 722-117

0.21, O. hl and 1.03 (GeV/c) for pp » 1+
A comparison of this experiment (6.6 GeV/c) with
(12.4 Gev/c - ref. Ak-1).
This graph is obtained by

the data

point is at the apex of the trlangle symbols, viz. A and

V.

_It is at the center of all other symbols.

A broken line joins
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D. One Dimensional Distributions for This Fxperiment

1. Longitudinal and transverse Distributions: h;prongs, 6-prongs, and .

. Combined Datsa

N . - . 3 - I . . .. ,/
various longitudinal distributions for the Y-prengs, G-prongs. and

combined 4 and 6-pfnnn sample are presented, ' Tirst we plot.
(fig. Ba) the integrated structure function FF VS. X5, where

2

'p~L smax

N
, 13 2 *

F{x = = E(d“¢/dp dp, )dp . IV.D.1

" (%558) 5o ( /p“ D) X |

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. 8b),
and the intégrated structure function B{y,s) (egn. II.C.10) vs. the
laboratory rapidity, y (fig. 8¢). The error bar ét a in fig. 86'is the
6-prong nérmalization error; and the error bar at b (which is smaller than
the symbol to which:itiis attached) is the méximum-contribution that this
error can hake to the error of the cohbined sample.

We also plot the transverse distribution Gg(gL,s) vS. éi: where
G, is given by éqn; II.C.14 (fig. 8d). We draw 2 exponentials (straight
. lines on the semi-iog plot) through the "all-prong" data points. They
seem to represent the data fairly well. The "break-point"” between the
steep and less-steep exponential seems to be .at about p§_='o.2h (GeV/c)e.
(The three points nearest the "break-point" are 20 to 30-0/0 too high,

but all the remaining points are within 10 °/o of one of the curves.).
This ”doubleféxponential" fall-off with pﬁlis well known.

Not surprisingly, the 6-prongs have a steeper décrease with pi_than

the b-prongs.
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 and transverse _ _
Longitudinalpdistributions for n 's from pp » n + anything at
6.6 GeV/c. The upper curve of each plot () is the combined 4
and 6-prong sample, wheras the lower two curves of each plot are
the individual 4 and 6-prong samples, respectively. The error bars

for the combined data do not include the effect of the 11296

uncertainty in the cross-section ratio(g/ﬁh, which causes a maximum
error of * 2 9% in the combined data. The overall normal-

ization error of * 5 % is not shown.

a. Fpvs. x, (PSlngvafaa: 59.5‘mb)
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error, and point b is a typical combined data point with

a * 29 error.)
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2. Iongitudinal and Transverse Distributions According to the Number of n's

in the Final State and Combined Data.

We plot =~ distributions.both according to the number of produced
pioné (including neutrals) and for the total sample.. In fig. 9 we plot
F s X35 where F is defined by eéuation II.CiB; and C3 V8. PE; where G3 is
defined»by'eguatioq_II{C.lh. ' The various reactiohs'giving different
numbers of pions aré listed in Téblé L. Table 4 also gives the cross sections
for these.different regéti&ns;

In order to more easily see the fraction of F and G contributed by
each of the ?a?iqés final states, we also plot F/Fﬁotal-and G/Gtotal (fig. 10)..
Figures 10a_and 10d show that fhe two 3n final states are similar in shape and

magnitude, except for small x or small QL , where the final state containing

the neutron is larger.

Table IV.hk - ‘- production cross sections according to the
number of x's in the final state for pp-% =

+ anything at 6.6 GeV/c

Reaction n__Production Cross Section”
- ' b
2x's | pp - ppn+n 2.90 + 0.12 mb
3n's PP - ppﬂ+n-ﬁo 2.29 * 0.09 b’
- : ' ' b
pos 2.77 + 0.11 mb
)+ 1 ’ ' + - - N O' .
n's pp - ppt n mm (mm> 21 's) ,
- ~ b
;mfn+n mm (mm > n + ) 2.36 + 0,20 mp>’°

+ + + -
g qnm (mm3 2n's)

I+

all 6-prongs - l;h5 0.19 mb

a. Seé:fext-for a definition of the production cross section.

b. - Statistical error and normalization error only - does not
include systematic errors of°up to lO?éfrom wrong fits.

c. We have negleéted the small amount of dn+n+ﬁ--final states in
our plots of the 3n sample. The total k-prong cross section

includes deuteron final states.
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. . : + - 0
a. F/Ftotal VS, x5 £g§+:£:‘two 3n flnal states: ppr n ¢ and
b, _&j vs. x; for the two contributions to Ux final states:
L-prongs” (5 Ur only) and 6-prongs (all are3 lx). (See
text for details.) :
c. F/Itot 1 V8. X3 for 21, 3%, and > by final states. _
df.'G/Gtotal vs. ,“pi_for the two 3n final states; ppr r x and-
pan gi.m . _ ,
.e. I' vs. pl1 for the two contributions to3 bx final states:
' L-prongs (3’hn20nly) and 6- -prongs (all are S Ux) (see text).

‘4f. VG/gtotal vs. pJ_for 2%, 3m, and ¥ Ux final states.
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Next, we in?estigate the different reactions having_four or more n's
in the final state. Aside trom a small ﬁumber of deuteron events, the
h-prong final states in this class all produce unconstrainéd fits.

We do not attempt the difficult task of separating these unconstrained
fits. Insteéd, we compare the 6-prongs with all those 4-prongs héving

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

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

are quite difterent (table 4). Despite this, the shapes of the F and g.
distributions for.bbth of these processes aré in very good agrégment5
In order to see this, for each process we normalize F and G to the n_
production-cross-section for that process.

Let a represeni the ln L-prongs and b represent the G-prongs. The
most obvious way to normalize Fa is to define

(/ja = Fa/a; ’ IV.D.3

We could then compare Y% and Qg. We can equally well multiply ?& and
i&b by some.function of QL‘and X, and then make the same comparison.

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

. : + GCY1F
é _ ;(.VL_b) 8 IV.D.4
a “\F o
. total a
' Ty + Tlc
and I, - {;_-(_—" b)]g-‘i - IV.D.5
Gtotal 8

total p)
Then, in figure 10b and 10e, we plot§ VS Xz and va. pi. As previously

independent of the number of n's produced.)

(F is the F for x

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

{The term in brackets is adopted as a matter of convenience only. If Fa/a;

and Fb/Cz are equal, then q;-+ 0 = (FA + Fb)/Ftotal’ and similarly for G.

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

We now plot f for five équal intervals in p_L from O tb 1 GeV/c,
against both X3 and the rapidity,A y (fig. 11). Fig 11 shows that_f falls
off more rapidly as _x5 increases. Also, it appears that the initial fall-off
of S) with x5 is less rapid at higher values of p-L: In order to more clearly
see any such differences i‘n t}“1e shape of the f VS, Xz curves vfor different
D We plot R vs. p, for six intervals in'x_.5 (fig. 11b), where _11 is defined by:+

R(x,D, ,5) =§)(x,&,s)/j)(o,&,s). o _'i:y,E;l
The first two data points in p_'..’ for all x3 )show: a definite rise in R with 13‘_,

a rise which generally becomes steeper with increasing EL The three curves
representing the smallest x continue to rise, gradually flattening out,
whereas the higher-x curves show a definite turnover before Dy reaches its
maximum value. The curves certainly are not. flat. However, suppose that o
could be factorized,! i.e. suppose that we could write:

P2y ,8) = g(x,8)h(py,s).

According to our definition of R, (egn. 1) we would then have:

R(x’?lis) = g(x,s)/g(0,s) = R(x,s).

Therefore, the observed dependence of R upon p”L means that j) is not factoriza-

ble for this data.

T1o ve precise, R is the ratio of (> for a bin in p, and x, as defined
above, divided by (‘?)av for a bin 8V with the same pJ_boundaries and X3
running from 0.0 to 0.1. ‘
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F. Average Transverse Momentum

In this section we present the-average transverse m momentum,
for all events, and for the 4 and 6-prong samples separately (Téble
5). We observe that(;i;gv is smaller for 6-prongs than for 4-prongs.:
This agrees ﬁith the previously mentioned fact that o falls off more
steeply with pi_ if there are more =n's in the final state (figs. 10b
and 11b). |

We also observe that ( Eﬁ?’ is increasing with increas'ing energy,
although wvery slowly (Table 5). From 6.6 to 28.5 GeV/c incident

momentum, ¢ p)” increases only ebout 17 °/o.
- av

Previously we have observed that the ratio p(12.4)/p(6.6) increases
fairly :éapidly with increasing p;\.... (sections IV.A and IV.B)‘. At first
glance this might seem inconsistent with the slow increase‘ of <p-3:>
with increasing energy. However, this is not so. Beéause P fall:v

off exponentially with”pj (fig. IV.9b), the ratio. p(12.4)/p(6.6)

. . T N 2,
can increase rapidly with p-L‘, if les large, even though < p_a‘? L

1s almost energy independent.
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Table IV.5. Average n transverse momentum for pp - o+ anything

for incident momenta from 6.6 to 28.5 GeV/c

Pbeam
6.6 135 188 o1® 24® 28,52
<pJ_?av of n~ o.272b 0.294 0.308 0.309' 0.31h 0.318
(Gev/e) $0.004%  $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¢>av sccording to the number of

of prongs, for all 3 outgoing particles: nt 's, ﬁ+'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 (. / O
Gev/e. 6-prong’ “L-prong

yield a much smaller error, * 0.0012
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V: RESULTS: =" AND PROTON SPECTRA - T

~* A. Comparison with Higher Energies in the Iaboratory System for n+Production

Dennis Smith (Sh—l) has not reported his ar distributions,
so we cannot compare with him as we did for the . There is, however, some
data available from a 28.5 GeV/c bubble chamber experiment thafiﬁasjéonductéd
at Brookhaven (Si-l, Pa—5).1 For three values of p , we plot d%}/dglgpnvq Py
(lab) for both the Brookhaven data and our own data (fig. 1). It is apparent
that our cross/%gﬁgggg Brookhaven's cross sectiénf In particular consider the
interval p, = 0.2 GeV/c and -0.2< p, £0.0 GeV/c. 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<]%fCL1.GeV/c. This is very different from the situation
for the data, for which'the differential.cross section is. energy independent

in this region (for the x data look back at fig. IV.le and f for the first

interval and fig. IV.lc and 4 for the second interval).

A similar comparison is made with the 12.4 GeV/c counter data of Akerlof
et al. (fig.2). TFor small or negative D)y, 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 j’near x-= O. .

-
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Fig. V.1 A comparison of this experiment (6.6 GeV/c) with Sims et al.
(28.5 GeV/c - ref. Si-1) for pp - L anything: daf/dpLdp "
vs. p“(iab) for pf_= 0.0k, 9.16, and 0.6k (GeV/c)e.[:This
graph is_made by transforming the points of fig. 33

Please note: (1) The errors are not shown for most of Sims'

data points because they are not shown
in ref, Si-l,

(2) The data point is at the apex of the triangle
symbols, viz, Z& and‘§7. 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 GéV/c - ref. Ak-1) for pp - - anything: 'd20’/dp_L<_ip yvs-

v p”(lab) for pi: 0.22, 0.43, and 1.06 (_GeV/c)z. [T_his graph is made

by transforming the points of fig. 5.]

Please note:

viz. A and V

the data point is at the apex of the triangle symbols,
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B. Comparison with Higher Energies in the Central Region for " Production

As previously mentioned, Feymman's-x or the rapidity are the best
*
variables for studying the central region_(p'{zo). Therefore, we compare
our data with the Brookhaven data at 28.5 GeV/c by making a graph and

table of O vs. _};el(fig. 3 and table 1)..

For pJ;: 0.2 GeV/c and I-x2|<.9.2, the average value of the ratio
5(28.5 ) / p(6.6) is 1.06 * 0.06. The data points for the two energies'
are in agfeement{

By way of comparison, fbf the n~ data, the average value of

p(28.5) / o(6.6) is 1.8 for this same interval. [ The values of this

ratio for the n are:

Xq Ratio
0 2.07 + 0.06
0.1 : 1.81 = 0.15

0.2 1.61 ¢ 0.15 |

‘fThe value of p(28.5) used in calculating this ratio is determined
by drawing a straight line through o(24) and p(6.6) on fig. IV.5.
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Table V.1.

AU

A comparison of this exper:.ment (6 6 GeV/c) with

Sims et al. (28.5 GeV/c - ref. Si-1 and Ha-2)
for pp - JI+ + anything: va x2 for three valuesb
of pJ_ [:Tabulatlon of the data in fig 3]
p= Ed%:/dp (mb-c3 /GeV" ) Ratio
Py pi- Poon™ 28°9 Pyoan™ 06 '
(GevV/e (Gev/e) *o (Gev/c) (Gev/c) 0(28.5)/6(6.6)
0.2 0.0k4 0.01 29.9 * 2.9b 30.1 * 2.3 0.9 t 0.12
| ;’O.QB 26.5 + 2.9 31.3 = 2.4 0.81 + 0.11
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.k2 £ 0.19
0.09 27.9 * 2.9 22,2 + 2,2 1.25 + 0.18
©0.11 5.2 + 2,9 22,6 2.3 1.11 * 0.17
0.13 17.9 + 2.9 22,7 + 2.3 0.95 * 0.19
0.15 5.2 +2.9  19.2 2.3 1.25 £ 0.20
0.17 15.1 + 2.9 20.5 + 2.k 0.93 + .22
0.19 18.2 + 2.9 16.2 = 2.2 0.% % 0.18
0.22 10.1 + 2.9 19.1 + 1.8 . 0.66 £ 0.20
0.26 9.3 + 2.9 15.2 £ 1.7 0.58 £ 0,20
0.30 6.9 + 2.k 15.9 + 1.9 0.80 * 0.30
0.36 h,1 +£1.8 8.6 1.2 1.00 * @.h9
0.4k 3.3 £ 1.5 b1 % 0.9 1.9 £1.1
0.52 1.7 * 0.6
© 0.60 3,4 £ 1.0
0.68 0.74+ 0.57
_ 0,76 1.2 * 0.72
| 0.84 0 % 0.27

76



,Table V.1l. (continued)

.

= Ed§07dp3;(mb-03/GeV2)

P PL Pbeam=28'5 Ppean 6'6_
(gev/c)  (gev/e) *e (Gev/c) (Gev/c)
0.k 0.16 - 0.01 8.78 +0.91
| 0.03 7.13 +0.7h
0.05 7.36 +0.78
©0.07 7.53 +0.81
0.09 " 10.5 £1.1 6.45 £0.75
0.11 10.1 #*1.1  7.18 + 0.8k
0.13 8.2 £1.1 T7.07T %0.79
0.15 7.2 +1.0 UW.Th +0.66
0.17 7.6 +1.0 6.55 #*0.84
0.19 6.2 *1.0 465 +0.76
| 0.2 5.3 £0.9 3.42 £0.28
0.25 3.57 £+ 0.69 3.98 £ 0.38
0.45  1.82 £0.52 1.63 % 0.26
0.55 1.10 + 0.2
0.65 0.42 = 0,17
0.75 0.2% +0.15
0.85 0.18 + 0.1k
0.9 0. + 0.06
0.8 0.05 0.63 + 0.09
| 0.11 0.54 % 0.09
_ 0.17 0.60 . +.0.09
o 0.23 0.45 +0.08
0.29 0.38 + 0.07
0.35 0.55 * 0.10 .
- 0.h1 0.4% +0.15 -0.27 + 0.08
0.h47 0.31 £ 0.15 0.43 +0.10
0.55  0.32 + 0.15 0.19 #* 0.07
0.59 0.24 £ 0.08
0.65 0.084 + 0.052
0.71 0.059 + 0.045
0.77 0.

0.020

Ratio

0(28.5)/((6.6)

1.63
1.h1
1.16
1.52
- 1.16
1.33
1.55
0.90
1.17

1.63
0.72

1.7

* 0.22 |

+ 0.20
+ 0.30
+ 0.21

£0.31

+ 0.29
+ 0.33
+ 0.37

H+

0.74
0'38

i+

7
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Table V.1l (continued)

From fig. 3c of ref. Si-1. The quantity that Sims et al. call | x),
is what we call Ix2l (eqn.II.B.2) according to T. Hanlon (Ha-2).

There 1s some question as to whether or not Sims et al. have

actually pl‘ottedfor’ a quantity which is 0.953 x}g at their energies.

This is because, according to their figure captioﬁ ﬁhey actually plot.

where O and'{i are fche. limits of p'i for the bin in questioh. If the
x in this equation is X, (eqn.II.B.1) the quantity which they plotted
wa.s indeedf) , but if they meant x2 for x here too,. thei.r results
must be mutiplied by 1.049 before being compared withours. Because
this' is uncertain (Ha-2), we just used the quan{;ity that Sims et al.

plotted)with no correction factors applied.

Only these errors.are actually given in 8i-1. All the othér errors

for the 28.5 GeV/c data are interpolated from these errors.

E———
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We do note, however, that for this same'transverse momentum and -
for x; between 0.05 and 0.08,‘ffincreases by 500/0 when we go from
Brookhaven to ISR energies (fig. 4).

Also, at higher transverse momentum, f’does increase with increasing
eﬁergy, even at'o£dinary accelerator energies. However, this increase
is at a much slower rate than for the 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-> ‘ﬂ'+ + 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 xt " and 1~ spectra is not so

" hard to understand. The final state for pp interactions has charge
+2 and baryon number 2. TIf 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 other hand} some of the baryons may
be neutrons, in which case there will be an excess of positive pions.
Obviously, the ratio ¢;+/q;; decreases with increasiﬁg prong number,
For 2-prongs only positive pions can be produced, whereas for 20-prongs
an excess of one or two m 's can have little effect on 0;%/¢§:. Therefore
this ratio, which is 2,67 at our energy, tends toward one at high energies.

This explains why/0 increases more slowly for n 's than for n 's,
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At acclerator energies/()is not only not increasing rapidly, it is
flat (near x = 0) or falling with energy, for the ﬂ+. This may be
because there is a large A:ﬁ-contribution to the ﬂ+ production cross
section at our energy; prcbably about 1/3 of our n+'s come from lt+'

The [;+ production-cross-section is probably decreasing with increasing
energy. We base this assertion on the fact that the total cross section
is ébserved to be almqst energy independent above our energy., Therefore,
neélecting baryon anti-baryon pairs, the baryon production cross secfion
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 &4. decreases, and therefore the &H

cross section decreases.

T&mazgq"s are produced fairly peripherally. This means that the
n+'s resulting from l;+ decay'will be in the proton fragmentation region.
Because 1§+ production probably decreases with increasing energy,
the ﬁ+'s resulting from its decay also decrease. Fof this reason
thé structure function should decrease with increasing energygin the
fragmgntation region, as we observe.

It turns out that at our fairly low energy, many of the n*’s from
¢§f+ decay reach the central region. This implies, for the reason
previouély stated, that/CPdecreases with incrgasing energy in this region
also. However, at-higher-energies the contribution of the A;+ 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%/o from acclerator to ISR energies.
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Perhaps it 3 . . "y ) o o e i
ps it is 1nterest1ng_to notg that near x = 0, f° increases

slowly with energy for pions produced in,the non-

+ - - ' -
np- n+ + anything, w-p » n + anything and p- = + anything (Ga-1;

exdﬁic reactions

Be-3; Cr-1; Sh-1; Mo-1l). We emphasize>that these reactions are similar

only in that, near x = O, jD increasés 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 values of the normalized structure
functiong are quite different for these different reactions at accelera-

tor energies (fig. IV.6).
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Fig, V.4, "Invariant single-particle inclusive spectra (p + p
>t L) plotted as a function of x at the indicated
pf:values from ISR d.ata" (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.]

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=P=x + anything;fvs.
xp for 3 values of po: 0.22(#%— ), 0.43(® &O), and 1.06
(@ &h) (GeV/c . The first symbol of each pair above is for
our data, and the second is for Akerlof's. The X5 bin width
of our points is equal to their separation, and the pi_ bin-

width is O, 1 GeV/c) for the 2 sma.uest pivalues, and

0.2 (GeV/c) for p_L 1.06 (GeV/c)

Please note: the data point is at the apex of the triangle,
viz. & and Y.
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C. Comparison with Higher Energies for Proton Production

Proton-proton elastic scatteriﬁg has been extensively studied

(see pp &5 et seq. of ref. Be-13 for a data coﬁpilation and list of
referenées). These studies show that the differential cross section
dg/dt is almost energy independent when plotted against the‘éppropiate
variable. In fact, Krisch showed that dff/dt depends only on @*ELfor

pp reactions from 5 to 52 GeV/c, where Qf is the C.M. proton velocity
(Kr-1). ‘:The term ddjydt is introduced by Krisch to take account of the
symmetry of the initial state in pp interactions. It is defined by

+ (dijdt)

(ao/at) = (do‘+/dt)

observed ~ backward’

forward
Clearly it is only near 90°, where the forward and backward cross-

sections are of comparable magnitude, that (d07dt)obsérved'and dodydt

are very differentJ
‘ + W22 ) .
.Congider the plot of dv‘/dt vs. g* D, It is energy independent
and decreases rapidly with B*Zgi. Now suppose that we want to plot dcjydt
. 2 . 2.2 . 2.2 .
against gx.lnstead of g¥* P,- Each point B¥* gL =8, is mapped onto a
. 2 2 . . . '
point p, = ai/a* » i.e. the entire curve is stretched by a factor 1/3*2
5 .
(B*¥“ ¢ 1). The larger B* is, the smaller that the stretching will bve.
Alternatively, we may first lock at d0‘+/dt vs. pifor small éﬁvery

stretched). As p* increases, the curve will shrink (become less stretched).

The effect is illustrated below. N
% > aF
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+ .
We emphasize that if dV'/dt Vs, B*gpi_is energy independent (which it

2 must shrihk.  The percent of

appears to be) then dO"*/dt vs. P

shrinkage is given by
2

2
, 1/p* - 1/8%
8 = 100 "1 ow high
}\i % 100 X{l - (e*low/e hlgh}

l/e*low

Therefore the percent shrinkage from 6.6 GeV/c to infinite energies is

AS. =100 X (1 - 0.87%) = 26 °/o.

Because so much ﬁork has already been doﬁe on‘elastic scattering,
and because of the difficulty in determining our elastic cross;séétioﬁ
(see sectioanII.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_P'vs. X

2
production in the region 6.6 to 24 GeV/c. They obtain the 6.6 data

for proton

points, for p, = O. 65 GeV/c only, from our earlier paper (Ab-2). We

add to this graph our data points at P, = 0.15 and 0.%5 GeV/c. [ﬁe

also replot our p, = 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. For most points error bars are not shown because the point-
to-point error is less than the size of the point. There is also a
5 O/O normalization error for our data, and sy’steinatic errors of up
to #15 O/O fbr’the other experiments. These errors are not shown on .
the plot. | |

It is evident that for the lowest two momentﬁm intervals of fig. 6b,

our data exceed the higher energy data. For X, > 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 fig. 9f of ref. Al-4, also presented on pp 259 of
ref. la-1) for pp — p + anything. For this expt. Ap, = #0.05 GeV/c.
For most points error bars are not shown because the error is

smaller than the size of the point.
(upper fig.) f>vs. p”(lab)

E.
b. (lower fig.) Sovs. X,
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0 3 0
Alleby's 24.0 GeV/c data by 50 /O for p, = 0.15 GeV/c, and by 30 /0
for p, = 0.35 GeV/c. For P, = 0.65 GeV/¢ we are in agreement with
Allaby.

For x, < O.1 we exceed the higher energy data by an even greater

2
amount: the value of f at 6.6 Gev/c is 2 to 2% times as large as at
2L.0 gev/c.

Thatj305.6)/9(24) decreases with increasing QL_is not at all
surprising. This ié just a consequence of the fact that <p¢)év is
still inéreasing>with“energy. MWQ 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 inqrease in the
proton to neutron ratio, the fact that the total pp cross section is
almost energy independent above 6.0 GeV/c means thaﬁ the structure
function must decrease with energy. This can readiiy be seen by
considering the behavior of B(y,s) with increasing energy, where

[o o] .
B(y,s) =_L f(y,pJ_,S)dpi= (c/n)al/ay . I1.C.10 and 13

Tt is well known that if'f(x,gijs) is energy independent above some value
of s (scaling has occurred), increasing the energy only increaées the
length of the central plateau of a B'vs. y plot (z is the rapidity de'f‘ined
by»eqn.s II.B.?). Now y;ax increases from 1.32 at 6.6 GeV/c to 1.97 at

2h gev/c, a MBIO/O increase. This means that if B(y,s) vs. y had a
rectangular shape at 6.6 GeV/c, the tétal number of protons produced

must increase by 48 O/O if scaling has occurred. Because B actually

is larger at large y* (see fig. 10c) even for inelastic events, the
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increase will be somewhat less than this. The effect is illustrated in

fig. 7.
B B .
additional protons
* ' , *
y y
Fig. V.Ta Inelastic rapidity Fig. V.7b Inelastic rapidity
distribution at distribution at
6.6 Gev/c : 2L @evV/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). Therefbre the structure function must decrease

with energy. . Since'thé structure function at small pi~contributes most
strongly to B, it must therefore decrease by about 48 O/O on the average.
This 1s indeed what we observe. |

Furthermore, aé we. increase the beam momentum, the "leading proton"
mgkes a smaller and smaller contributign hear X = O. Since baryon
anti-baryon pair produétion is nof important even near x = O at ok GeV/c,
the structure function should fall more rapidly with increasing energy

near x = O than elsewhere, as we observe.
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_Oﬁf.h;gh;péinﬁﬁat xé = 0.85 and p, = 0.15 may be due to QT+ decay,
as explaiﬁed in the previous section. Fof a peripheral £:+, kinematics
requires the proton to be fast and forward ﬁop.l

The better agreement iﬁ the lab. frame for small ‘x‘ is probably
fortuitous (fig. 6a). |
We compare our results ﬁith £he ISR results of Ratner gﬁ.gl.
(Ra-2). We observe a sﬁﬁilar effect_ﬁith respect to the ISR points
(fig. 8). There appears to be a 60'0/0 decrease from 6.6 GeV/c to
ISR.energies (llOO Ger for p = 0. L Gev/c, greater than the
approx1mately 30 /O decrease from 6.6 to Allaby et al.'s 2k,0 gev/c
data, i.e. fD seems to stlll be decrea31ng from 2L GeV/c to ISR
energies.
According to J. C. Sens (Se-1), the ratio p/p ié 0.55 ;VO.lO
at ISR enérgies and . x = O. Rgcently the British-Scandinavian
Collaboration has reported the ratio p/§ integrated over the outgoing
proton momentum range 0.3 <p < 1.2 Gev/c (in the ISR lab., ize. almost
in the C.M.), for 5 C.M. angles_from 9OO to 290 for 1500 GeV equivalent
incident energy.(table b of‘ref. Al-5).v If we average their reportéd
'valuéé, we obtain p/p = 1.86 # O»ll_(cr ﬁyb = 0.53 i 0.03). It therefore
appears thatscaling has not been reached even at ISR enefgies. Whether
jDWill continue to fall at thesé“energies depenas qﬁ whethervor not the
contribdtionvfrom "leading protqns? is falling faster than the contribution

from baryon anti-baryon pairs is increasing.
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Flg V 8 A comparison of this experiment (6.6 GeV/c) with ISR energies and
higher acclerator energies _(from fig. 1 of ref. Ra-2, also
presented as fig. 1lla of ref. Al-4 and pp 301 of ref. La-1) for.
. pp - p + anything: + X, for p, = 0.4 and 0.8 GeV/c. (py =
0.35 to 0.45 and 0.7 to 0.9 GeV/c for the 6.6 GeV/c data).
[The 12 to 24 GeV/c points were calculated by Ratner et al.
by interpolating previously published experimental results to

these values of p_L.]
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p- One Dimensional fistributions for- this-Experiment

We plot for the positive outgoing particles (the n+ and proton),
the same quantities that we plotted for the x  in section IV.D.1, i.e.
various longitudinal distributions for the elastic, 2-prong inelastic,
Y-prong, 6-prong and combined séﬁples (figs.9 and 10). We notice the
well known clustering at pT'Q:O for those events with a large number of
particles in the final state. We also notice that . whereas the xn
distributions fall off fairly rapidly with increasing X, (figs. IV.8a

and V.%), the proton distribution increases with increasing X5, even

when we exclude the elastic events (fig. 10a).

It should be pointed out that plots of F(x2) VS, X, (see eqn. II.C.8),?¥§ther

different than plots of the ordinary cross section, d(f/dxg VS. X

(not shown). Not only does the energy factor multiplying the.ordinary
cross section (eqn. II.C.8) make the distribution fall more slowly with
increasing X5 but it greatly changés tﬁe behavior of different mgss
distributions near pTl;'O. For example, even though there are twice

as many 1 's as protons near pﬁ = 0, the structure function for n 's

is only half that for protons in this region. (table V.2). Clearly,
this is because near pT\= 0, the proton rest mass is a major contributer
to the proton energy, so that it has a much higher.valué of energy thah
does the lighter pion.

We note that the total f?'distribution decfeases less rapidly then
does the T distribution, at large'x2- Just the opposite is true of
the pilons from U-prongs alone: 1:.he"“‘+ distribution decreases.ggzg
rapidly for them. The difference is due to the fact that the Tf's are
also produced in 2-prongs, whereas 1 's are not. As previously mentionéd,

for fewer prongs there is a less rapid decrease of’f with x2,



(oo}
\n

ST S RS VI 4 G i 6y
10_""1""l"'!l""l'j":
St pp—>Tr++any. ]

o ' 6.6 GeV/ic |
:EZ\_

...' | 1k N E
ey : all ]
a?Eiz' ().Es ® o ‘{f :
.-g" ::I t“mmmmm
N S PUNRAT E

C L~ p1 M §
T 005[TF v e, :
) h ¢
* o $ 4
[] ¢ M b ]
9‘\" - 4-pc—=Ty ¢ b
,’53 0.015’ ., + E
— - ¢ i

I 0.001 3
p.o.ooos;

- 0.0001 L

lllLLlILJ;I

LlLl_lLLl 4

00 02 04 06 08

X2 = Pﬁ/PB

1.0

XBL 729-1665

Fig. V.9 Longitudinal and transverse distributions for n 's from pp-> x
The upper curve of each plot (Q) is
the combined 2, 4, and 6-prong samples, whereas the lower three
curves on each plot are the 2(A), 4(¥), and 6-prong(@) samples

+ anything at 6.6 GeV/c.

respectively.

The error bars represent statistical errors only.

N.B. The data point is at the apex of the 2 and 4-prong symbols

')Tand Ye- (

a. Fp vs. x, (using UEoo=

39.5 mb).

see also fig. IV.8 and its caption)
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c. B(y,s) vs. y.
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6-prong sample,

whereas the lower Lt curves are each of these 4 samples (¥, &,9,0).

The error bars represent statistical errors only.

N.B. the data

point is at the apex of the 2-prong and Y-prong symbols:"A and Y4-.

a. Fpovs. x, f(l) The solid curves are explained in the text,
- ~ (2) The elastic points are normalized to 10.16
mb, and probably should be multiplied by 1.160

in order to asgree with Foley's value of the

elastic cross-section, 11.79 mb. (see section
III.D). This will also increase F_ for "all-

prongs" near X, = 1. ] F
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Fig. V.10 Iongitudinal and transverse distributions for protons from pp-P p + anything at 6.6 GeV/c ...
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[The elastic events are normalized to
Foley's value of 11.79 mb (see section

III.D of the text).}
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Table V.2. Comparison of pion and proton distributions. at+ x=o0.

Ratios
+ ) -
% /proton 7 /proton
Particle ratiosa 5.5 2.1
structure function ratios’ R 0.53

a. from plots of d(]“’/dx2 (not shown)
b. from figs. IV.8a and V.9a and 10a. We tabulate F(x)/F(proton)

for x = 0, where F is defined by equation II.C.8.

The completely different nature of the proton and n+
distributions is also evident in plots of the laboratory differential
cross - section vs p\‘(lab)(fig.91rnand10b) and the integrated
structure function vs. the laboratory rapidity, ¥ (fig. 9c and 10c).
Only the protons have appreciable cross sections ‘at large 1aﬁoratory

momentum,

The proton rapidity plot is plottéd against an expanded repidity
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.
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is given by egn. II.C.1h4 (figs. 9d and 10d). We draw two

Finally, we plot the transverse distributions G2(
where G2
exponentials through the "all-prong" data points by eye, just as we
did for the %~ distribution (secfion IV;D, page‘60). The n" data
are represented fairly well by these two curves, with the "break-point"
occﬁrring at aﬁout pi-= 0;25 (GeV/c)z. In fitting the proton data,
we ignore the two bins for wich p] ¢ 0.1 (GeV/c)®. Backward elastic
proﬁons in this region have laboratory momentum not much larger than
v Ekf and are theiefore ofteﬁ not seen (see section IIITD). Two curves,
with a "break-point" at about pi.é 0.47 (GeV/c)E, represent the
remaining points fairly well out to abéut p3.= 1.8 (GeV/c)z. It
then appears_that another e&en—less-steep exponential is needed.

If we compare all the transverse distributions (figs. Tv.84, Vv.9d,
and V.10d), it is evident that the ﬁ+ has a gentler slope than thé

1t at large and that the proton has a gentler slope than either

pion for all gi; The fact that protons haﬁe»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
<E;>a§ is smaller for the w' than for the % for both 4 and 6-prongs.
However the large value of <Ql?av for 2-prongs (which only contribute

to the % sample, of course) more than compensates for this. The -

. + : -
result is that for "all-prongs" (pJ?;v is larger for % than for = .

One last remark: the solid curves on fig. 10a are the results
that we obtain if we do not use the subtraction method to calculate

*he proton spectra (see section TITI.E), but instead assume that all
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Table V.3 Average transverse momentum for pp-»X + anything for an

" incident momentum of 6.6 GeV/c, where X = n_, n+, or p.?

'<p¢}%§.'

(Mev/c)
topology T ,n+ : proton
all events 272 +1 288 + 1 378 + 17
elastic =~ = =-e--- R : 371 * 2P
2-prong (inel.) =---- 325 + 3 387 + 2
4-prong 278 i 1 259 + 1 375 + 1
6-prong 228 2 217 £ 2 343 + 3

a. Please Note: 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 conpare these results with oﬁher
experiments an estlmated megsurement uncertainty of about +h MbV/c

must be added to this error.

b. <§L7;V is too large because elastic‘events with small p, (and
therefore small.;y“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 Pl\< 0, are indeed protons. If

we do not use the subtractlon methed, our results will be about

30 /o too high for the 2-prongs and 15 /o too high for the

L-prongs near x = 0. This ig because there are many x's inlfhis

region of iabératory momentum, so that if one cannot cleanly separate
+

these two particles, there will be serious ® contamination in the

proton sample.
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Finally, we mention.that some proton distributioﬁs for this experi-
ment have been presented in an earlier paper (Ab-1). While we do not
piot these distributions again in tﬁis paper we should point Qut that
if an error in the axes labeling is corrected in.fhis other paper .
( d07dp“should read 4674 | p"‘), the distributions plotted there are 10 to
15 o/0 higher for small x thaﬁ fhose we calculate using the subtractioh procédure
employed in this paper, evén,though the 6-prongs were not inclﬁded 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.

. Two Dirensional Distributions for this Experiment

R + ‘
For both putg01ng 7 's and protons, we now plot p vs. X5 for

five equal intervals in pi_ffom O0tol GeV/c‘(f&gs, 11 and 12).

Although the structure function is much larger for 7 than for
TT-, the shapes of both pion distributiéns seem somewhat similar (figs. Vill
and IV.1la): there appears to be a somewhat more pronounced shoulder
for the'ﬁ? events at X, = 0.2 and pJ_s 0.1 GeV/c. For both plots,‘f
‘falls off less steeply with X for higher transverse momentum. On

-

the other hand, the proton distribution rises with x for low p and
: = 22
is fairly flat for large EL'
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 GeV/e.
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VI. SUMMARY AND CONCLUSIONS

We have shown fhat, for the reaction pp s+ anything, scaling
occurs in the limiting fragmentation region for incident beam momenta
as low as 6.6 GeV/c, i.e. the laboratory differential-cross-section
dec/dplgp“ is energy ihdependent for QJ:Z 0.6 GeV/c and Feynman's x
’2_-O.M. Scaling has not yet occurred in the central region (fﬁ:&_O),
but the non-scéling term is not in disagreement with the's-ﬁ:dependence
derived from Muellerfs optical theorem.

The reaction pp —9ﬁ+‘+ anything has been shown to behave quite
differently. There is né scaling in the limiting fragmeptation region:
the laboratory differential crdss section at 6.6 exceeds that at 28;5'
GeV/c. In the central region scaling appears to have occurred fof sméll
transverse momentum, that is the structure function seems to be energy
inaependent between 6.6 and 28.5 GeV/c. This may be fortuitous because

:the structure function then increases by abou# 50% from 28;5 to 1300 GeV/ec.

For the reaction pp — p + anything, the structure function decreases
in both the limiting fragmentatioh and central regions, with the
greatesf decline océurring in ﬁhe central region. As we explained in
section V.C, from a consideration of a dc/dy* vs. y* plot (where y* is
the C.M. rapidity), for p of a particle "x" fo remain constant as the
beam energy increases thebnumber of particleé of type "x" must increase
with energy. Howéver‘the total pp cross szction remains constant, so
that additional protons must come from nucleon anti-nucleon pairs;
These are difficult to produce, and therefore p decreases Wwith energy.
Furthefmore, as the energy increases feWerrand fewer of those protons |

not coring from 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‘f does not decrease with

energy for pions (except for ﬂ+'s in the fragmentation region and

acclerator energy region, as noted above).
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APPENDICES

A. Dalitz-Pair Production .

It is well known that 1.16 o/o of the time the no deéays into
eTe¥ instead of“%(Pa-l); The possibility exists that electrons may
be confused with charged pions. We therefore estimate the cross
section for Daiitz-pair production in our experiment..

CIf we ignore the deuteron and kaon, there are 1in general four
réactions for'éach topolbgy which producce no's. One reaction, reaction
number 2 (see table B.1 for a list of reactions), is a one constraint

reaction that produces a single no. The other three reactions are

‘s . 0 .
‘missing mass reactions, so that the number of n 's must be estimated.

First, we calculate the average number of charged pions in all missing
mass réactions,‘taken as a group, with the use of an approximate
knowledge of their relative pfoduction rates (see tablé 1). These
rates are taken from ref. Co-1 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

reactions for which we know the number of produced pions. For example,

table III.6 shows that whiie 2, 3, 4, and 5¢ final states are

produced in reasonable numbers, fingl states with 6 or more n's are
extremely rare. We therefore estimate that the 2-proﬁg missing mass
reactions have, on the average, 5.5 =n's in them (this may'bé

somewhat high, since the 5n cross section seems fairly low). To get the
average number of no's, we subtract the awerage number of charged =n's
from this number. A similar procedure is followed for the L-prongs,

except that we now only consider final states with 4 or more n's ;
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Table A.1

Average number of n0's for missing mass reactions

Topology"

2-prongs

h_prongs

6-prongs

Fraction| no.

of
mm reacts

0.18

0.61

- 0.21

0.28 -
0.61

0.11

0.38
0.60

0.02

Est.b c
no. of No. of
all 0's
Mg (diff.) .
3.5 2.47
4.5 1.7
6.1 1.46

a. See table 1 of appendix B for a list of missing mass reactions

b. see text

" c. est. no. of all s - avg. no. of charged M'sa




Table A. 2 Dalitz Pair Production
s b
Fraction g
Avg. O g gfn S —(1or2
a — X decaying ] o .
_ React no. of X(Re‘action)_’“(nog into Dalitz-pairs) -
Process -~ No. 7°'s (mb) - (mb) = Dalitz-pairs (mb) o
2 prongs — pseudo L-prongs 2 1 2.06 2.06 .
| 3,5,9 25 9.9 = 2k.8 o
26.9 0.0116 312
A"',(.'
4 prongs — pseudo 6-prongs 2 1 2.3 2.5 -
3,5,9 1.7 2.4 L1 ‘ '
6.k 0.0116 -OTh ‘ e
6-prong — pseudo 8-prong 2 1 .207 . 207 o
» 3,5,9 1.46 .0k7 .069 .0032 -
.276 0.0116 !
: ' <o
L-prong — pseudo 8 prong (see above ) 6.4 .000035 . 00044
‘ L0036
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. 5

© . ..bv.from Pa-1
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when we estimate the number of ﬁo's that are produced.

We now are in a position to calculate the no production cross
section for each topology. The resu1£s of this calculation are presented-
in table 2. Then, from the fraction of no's decaying into Dalitz pairs,
we calculate the Dalitz-pair cross-section (table 2).

Sections IV and V show that pions like to cluéter about p* = Q.
Tberefore, let us consider the deéay of a “O with p* = 0. Although,
from kinematics, the e+e_ system can have a mass as high as the no—mass,
in fact it usually has a very small mass (Sa-1). This is because the
virtual 5’prefers to be near its mass-shell value. Thérefbre, the
e+e_ system usually‘carfies awéy about half the energy of the no-mass,
in thevno rest.framé (which we are assuming to also be the overall
C.M. of the reaction). Let us consider the case in which tﬁis energy
is equally divided between the electron and positron. The electfon will

therefore have an energy of about %ﬂrd The Lorentz transformation

equation from the C.M. to the lab is

— ¥* .
p“(lab) _"‘Sp"+’>le . A.1
Consider an electron going directly forward. Because of the light
mass of the electron, its energy and momentum are almost equal,'and we

can therefore write

—— -

p,, (lab) (3 +"L)X—&mﬁo = (2.01 + 1'75)?‘-5“50 = 127 MeV/c,
A.2
where ;'and:)irefer to the velocity of the C.M. as seen in the laboratory,
for pp interactions at 6.6 GeV/c, Similarly, if the electron coméé
directly baékward, we write

pn(lgb) = (-2.01 + L.75Xgm_ = -9 MeV/c. ‘A3
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We shoula point out that the e+e- mass is not small compared to
the eleétron mass, SO thét one elécﬁron may ca?ry aﬁay considerably |
more energy thdn the other. 1In fact, the energy péftitibn is fairly
uniform (fig. 8 of ref. Sa-1). Therefore, one electron may have a
laboratory momentum up to 24 Mev/c. Of coﬁrse; in this case the
other electron would be practically at rest in the 1aborétory. 

From the above considerations, we crudely assume a linear

- fall-off in the e+ production-cross-section from O to 127 MeV/c.

This means that 60 o/o of the time, either the electron or the positron
will have a momentum of less than 50 MeV/c. Now, ourvscanning instrucﬁions
state that a track is to be considered part of a Daliﬁz-pair if it curls
up in the bubble chamber. - This means that the maximum radius, for our
approximately 40 c¢m wide chamber, is 10 cm. At 17 kilogauss, this is

a momentum of 50 MeV/c. We therefore can reject 60 O/o of the Dalitz-
pairs by just glancing at the scan table. In addition, practically all
these e1ectrohs can be distinguished from ﬁionsvby their bubble densities.

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, fable 2 indicates that we would
have a 0.0Thmb (lOO/O)contamiﬁation of our 6-prong sample. Even this
is not disasterous when compared to the 15 o/o error in the 6-prong
cross section. However, for the reasons just stated; we only expect
a b O/o contamination of our 6-prong sample. Similarl&, we only expect
ab é/o contamination of our 8-prong sample and a 0;8 O/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.
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Our L4-prong distributions should be.similarly unaffected. If 60 o/o
of the Dalitz-pairs are'rejected by just glancing at the event on the

scan table, there is only 1 o/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
spurioué 1 and O'éonstraint fits are eliminated by the application of

bubble density information, while the lb-constraint fits all survive.

For a system in which the beam and taréet are identical particles,
the outgoing particles must have identical distributions with respect
to the beam or térget. This means symmetry about the 900 scattering
angle in the overall C.M. system. | |
This symmetry is observed for the primary h—conétraint reaction,
reaction number 1.(see table 1 fof’a list of reactions), bu£ it is
not‘obsérved the most important114constraint reactions. -For example,
the reactions’pp - pp n+ﬂ—no and pp - p ﬂ+ﬂ+i_n have about a 10 0/o
forward-backward assymetry (even after bubble density criteria are imposed).
Ambiguities among 4-C fifs do occur (seé table 2). The fact that
there are many more K and deuteron 4-C fits ambiguous with pp - pp ﬁ+n-,
than there are unambiguous K and deuteron h.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. Discarding these K and d fits, we are left with a’f O/o
ambiguity.level (and theréibre a maximum error ol 5% O/o) iﬁ the reaction
PP —appn+n_. This is before bubble density criteria are imposed. Amkiguity

levels among l-constraint fits are much worse. (see table 3).
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= Removed By
Bubble Density

ComPawison

N =Remaining
After B.D.
Cngaviso»n

VI

&’.
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Fig. B.1 The effect of comparing actual and predicted bubble
densitiés for a sample of 15 lY-prong events having
one and only one 4-constraint fit. The comparison

~ 1is performed by looking at events on the scan |
table. i



Table B.l Reactions for which fits are attempted
" - 2, 4 and 6-prong non-strange topologies
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&

mass (2n's

a .
Reaction No. of 2-prongs l&-prongs 6-prongs
No. Constraints (event type 2) (event type 3) (event type U4)
o + - + + - -
1 L Pp - pp pPpx x PP W W W
°b - + 4+ - - 0
2 1 ppn PP T x PPN { M X
“. o+ - c ++ - - ¢
- 3 0 pp mm PP T mm PPN W m x mm
+ + + - + + + - -
L 1 P n Pt T N n pi X X o tn
+ + + - + + + - -
5 0 pr mm pr 1t .t mm Pt ot {5 7 omm
6 L an” dn et v )
7 1 dn e drt ot T © e T
8 0 an” mm SRR mp— asc e T ®
; + + + + - F + + + 4 - - f
9 0 R mm TR N mm T TN T mm
) . + - R
10 L PPK K pPPK K =
+ - 0 s T P
11 1 —— PPK K n PPK K &t &t no
+ - +o- + -
12 0 _— PPK K mm pPpK K ' mm
a. from kinematic fitting
b. Therefore pp — ppno is also referred to as react. 2, E.T.2
c. mm mass (2¢°'s)
d. mm mass (D" )
e. mm mass _(2no’s)
£, mm
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Table B.2 - A sample of 4-prong events having at least one
h-constraint fit (before bubble density criteria

imposed).

Number of events

Only one 4C fit

react. 1(x)® 1185
" 6(d) 11
- 10(k) 7
1203
Two 4-C fits
both are react. 1(x) 95
~ reacts. L and 6 (x,d) ©118
reacts. 1 and 10(x,X) 30
reacts. 6 and 10(d,K) 1
_ 22
Three L4-C fits , - 15
More than three 4-C's 5
Total 1463°

a. see table 1 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 L-prong events having no 4-constraint

fits and at least one l-constraint fit. (betore

bubble density are criteria imposed).

Number of events

Yo'

Only one 1~C fit

a
react. 2 (x) L5
4 (n) : - 919
7 (a) 15k
11 (x) 9
1597
Two 1-C fits
two react. 2's (n)a 51
reacts. 2 and 3 (w,n) \ 2
two react. 4's (n) 51
reacts 2 and 7 (n,d) 160
‘reacts 4 and 7 (n,a) 151
reacts 2 and 11(x, K) ' 7
reacts 4 and 11(n, ) ' 6
2 reacts T (d) 2
reacts 7 and 11(d,K) 5
2 reacts 11 ‘(K)
1068
N Three 1-C fits 566
) More than three 1-C fits 376
Total ' 3607

a. see table 1 for a list of reactions by reaction number.
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Table B.? (continued)

b. -composed of 2502 S.R. and 1305 F'stein events. The ratio of S.R/F'stein
is somewhat different than in table 8/19-2 vecause some 4-C S.R. events

.were wrongly rejected. Most were later caﬁght and measured on the F'stein!s.




Ab-1.
Ab-2.
Ak-1.

Al-1.
Al-3.

Al-h,

Al-5.

Be-l.

Be=-3.

Be-6.

Be‘? o. ‘

Be -12 .
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