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In an exposure of the Argonne National Laboratory 12-foot hydrogen bubble chamber to a beam of
12.4-GeV/c protons, we have measured the total and differential cross sections for the inclusive
reactions p + p ~y + X, vr + X, K + X, and A+ X, as well as estimates fo." the inclusive q
and X cross sections. We present the average number of m', K, and A as a function of the
associated charge multiplicity. We observe that the average charge multiplicity in pp collisions is the
same whether or not a m, K, or A is also produced in the interaction. Invariant cross sections are
presented as a function of PT and x, the Feynman scaling variable. The n differential cross
sections are consistent with the relation do/dP(mo) = -[do/dP(m') + do/dP(m )] for all pion
momenta P. The differential cross section for A production indicates a break in the distribution of
~t

—t,„j = 1.4 (GeV/c)'. The polarization of the A's is found to be consistent with zero for all values
of x.

I. INTRODUCTION

This paper presents results of the inclusive y,
v, Ko/Ko, and A (including those from &' decays)
production from 12.4-GeV/c PP interactions, using
the hydrogen-filled Argonne National Laboratory
12-foot bubble chamber. Since this film constitutes
the first exposure of the large buoble chamber,
pictures were accumulated starting with the initial
tune-up. Over a period of eight months, 100000
pictures were obtained, of which 50000 were re-
tained as usable four-view photographs. The rest
had to be rejected for reasons such as poor beam
quality, too many tracks in the chamber, too much
dirt in the chamber, one or more camera failures,
etc. In this analysis we present the data from
26 300 pictures.

With an average of six beam tracks per picture,
the present film sample corresponds to 1.21 +0.06
events/gb for the K' or A events. Owing to a
smaller fiducial volume, the y events correspond
to a film sample of 1.05 +0.05 events/pb. Since
most results from the inclusive y and 6 produc-
tion have already been published, "this paper will
concentrate on the detailed description of the ex-
periment and on the inclusive A and Ko/Ko pro-
duction.

II. EXPERIMENTAL ARRANGEMENT

A. The proton beam

About 10' protons/pulse were extracted from
the Zero Gradient Synchrotron (ZGS). By use of
two quadrupoles, set for maximum defocusing
in both the horizontal and vertical planes, as well
as two collimators, the beam flux was reduced to
an average of 6 protons/pulse. In order to spread
the beam horizontally over 91 cm and vertically
up to 10 cm at the chamber beam window, three
additional quadrupole magnets were employed.
Two were located 105 m upstream from the cham-
ber and the third quadrupole was about 60 m from
the chamber. '

B. The 12-foot bubble chamber

This exposure constitutes the first hadron ex-
periment performed with the 12-foot bubble cham-
ber (cross-sectional view in Fig. 1). The total
enclosed volume of hydrogen is 26.3 m' of which
15.5 m' is visible by four cameras. The inside
of the chamber is lined with aluminum panels
covered with Scotchlite, allowing bright field il-
lumination. The side panels define an average

1756



INCLUSIVE y, ~', &', AND A PRODUCTION IN. . . 1757

VENT

HEAD DRUM--

CAMERA

—--—— -- - —BATHYSCOPE

HEAT EXCHANGER—

I'I i li'

PP»»F; i "d"
~»»»»r d»

EXPANSION-—
SYSTEM

SERVICE PIT—

M

—~
I

SUPERCONOUCTIN
COILS IN HELIUM
VESSEL W -"

~i &=-=-:-:-:e===-=.:---::-

BEAM
;I/S

I

~ I

I
II

~ dd AL Nkvd SAW
~d +d dWiWO& IR ~ AL A I' I.~~~ I I~~~~I4

d I AMi&XWXMMXNM. &M&
p&+5+ %AX% r rgb// 1/pFp/FFp//P S I

I (yfrr r pggPg/P'/ii 1 p) d, ~ V %w 'A +»
d

4

.,~& &i Pr.~rrr Pr PM' rPre~

I

LOAD BEARING-
INSULATION

CHAMBER VESSEL

MAGNET IRON

MULTI-LAYER
INSULATION

VACUUM VESSEL

DOME WINDOW

OMEGA BELLOWS

~ ~ d
d ~

d
F

~ dd'1
dddd
4 ~ A ~ ~

Sldd
dddd ~
d ~

~ ~

d
~

d d

d ddd ~

I

0
III

'I RADIAL MAGNET SUPPORT

0 05 I.O l.5
I & I

[ I I I

SCALE:METERS

d

FIG. 1. Cross-sectional view of the 12-foot bubble chamber.

chamber diameter of 376 cm. A total of 24 fiducial
marks are mounted on the chamber circumference,
of which 16 were used for reconstruction purposes.

Two wires were stretched across the bottom of
the chamber and parallel to the incoming beam.
They were initially used to simulate beam tracks
for tests of the optical system and the track recon-
struction programs. It mas decided to leave the
wires installed in the chamber during this experi-
ment since they gave a convenient indication of a
straight line projection onto film. As such, they
were helpful for pointing neutral secondary events
back to a primary vertex. The wires were also
helpful in distinguishing beam tracks from off-
beam tracks and for determining the direction of
curvature of secondary tracks.

The origin of the chamber coordinate system is
located at the center of the plane defined by the
four camera lenses. The z axis points downward
perpendicular to this plane and the x and g axes
then form a right-handed system, with the beam

aimed along the x axis. The entire volume with
z &50 cm is in focus to all cameras. The nominal
beam plane is at z =132 cm.

The magnetic field in the chamber is produced
by a supereonducting magnet, the first to be used
with a large bubble chamber. For this experiment,
the nominal field at the center of the chamber was

Field maps at 10, 15, and 18 kG were
obtained by use of flip coils and nuclear-mag-
netic-resonance probes. Polynomial fits to these
measurements yielded fits which agree with the
maps to within 0.1% over the entire fiducial vol-
ume. 4

III. DATA REDUCTION

A. Scanning machines

The film mas scanned on three-view conventional
tables equipped with 12x magnification optics as
well as machines which mere built or modified
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specifically for 12-foot bubble chamber film.
These latter tables were equipped with optical sys-
tems with both high (72&) and low (12&&) magnifica-
tion as well as with film transport systems that
would properly display and simultaneously move
all four views of the 70-mm film. The high mag-
nification turned out to be a very useful option for
studying detailed regions in the chamber during
scanning. It should be noted that the demagnifica-
tion of the beam plane from space onto film for any
one camera varies from -40 for the region just
underneath the camera to -110 for the region on the
opposite side of the chamber.

B. Scanning rules

The scanning process consisted of searching for
any neutral particle interaction, scatter, decay, or
conversion. In order to categorize the "neutral"
events, they were separated into two groups: V"s
and neutron stars. The latter are interactions of
secondary neutrons in the hydrogen, producing
3, 5, 7, or 9 charged particles, and will not be
discussed here.

When a Vo event was found, the scanner tried
to locate a beam interaction vertex from which it
may have originated. Because of the optical dis-
tortions of the 12-foot bubble chamber cameras
(the lenses have a 140' field of view), the pointing
test had to be considerably relaxed and any pri-
mary vertex that was found near the V line of
flight was considered a V' production vertex can-
didate. Both the primary and V vertices were
then digitized to an accuracy of about 100 p on
film. The (x, y) coordinates so obtained allowed
the operator of the computer- controlled measur ing
machine, POLLY III,' to locate and to measure the
event quickly.

The number of beam tracks that passed through
the entry to a fiducial volume was counted on every
tenth frame. A beam track was defined as a track
that had little curvature and traveled "roughly
parallel" to similar tracks entering through the
beam window. This criterion was well enough
defined to eliminate most off-beam tracks and to
allow experienced scanners to agree on the beam
count to within the quoted errors.

For this experiment, a total of 19100 pictures
were double-scanned and 7200 were single-scanned
in about eight months at Argonne National Labora-
tory (ANL) and Illinois Institute of Technology
(IIT). The average scanning rate for both the
ANL and IIT scanning teams was about 30 frames/
hour with a maximum rate of 40-50 frames/hour
with acceptable efficiency. The scanners digitized
on the average about one vertex per scanned pic-
ture.

C. Measuring

The selected events were measured on the ANL
POLLY III measuring machine. ' Using the pre-
digitized coordinate of each relevant vertex on the
film, POLLY III measured the V' events at a rate
of approximately 30 per hour with a 60~/p pass rate
for the first measurement. In 26300 pictures, we
found 11 595 V"s with 13141 possible primary
vertices.

D. Data processing

yp, - e'e p, ,

K -n w,

A Pn'

(1)

(2)

(3)

The measurements were processed through the
three-view geometry program TVGP and the kine-
matics fitting program SQUAW. The TVGP experi-
ment-dependent constants, setting error and angle
error floors, were determined from reconstructed
fiducial maps and from stretch plots. The setting
error for POLLY IG measurements was found to be
5 p. on film. ' To determine the proper angle
floors, a sample of four-prong events was mea-
sured on POLLY III and reconstructed in TVGP.
Using those events that fit the reaction PP -PP n n,
the angle error floors were adjusted until the
stretch plots were centered at zero with unit width,
and a uniform four-constraint probability distribu-
tion was obtained. The angle error floors for azi-
muth (Q) and dip (&) thus determined were 0.09
and 0.05 degrees, respectively.

Primary and secondary vertices were required
to have a single point reconstruction error of less
than 50 p, on the film. The rms deviation on the
film of all measured points from the reconstructed
track was required to be less than 25 p. . Events
not meeting these requirements were remeasured
on POLLY III. After four measurements on POLLY
III, 84% of the V"s and 93% of the primary ver-
tices had passed the criteria.

The TVGP output was then processed by a pro-
gram called NMERGE, which took the laboratory
angles for each reconstructed "neutral" event at a
secondary vertex and compared them, with a loose
tolerance, to the laboratory angles of all possible
two-point tracks joining each of the primary ver-
tices with the secondary vertex. NMERGE did this
for all of the "neutral" events on. the frame and
assembled possible candidates into "complete"
events for processing in SQUAW.

For cases where a "neutral" event pointed to a
primary vertex, the following fits were attempted
by SQUAW:
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where P, stands for spectator proton. In cases
where more than one "neutral" event pointed to a
primary vertex, SQUAW also attempted the follow-
ing fits:

7'- yy,

n'- yy,

The proper values of (P, P, &) for a beam track at
any vertex point (x, y) in the chamber were then
obtained by extrapolating the parameters at x =0 to
the point (x, p} using the known energy loss of
protons in hydrogen and the curvature produced
by the magnetic field.

IV. EVENT SELECTION AND WEIGHT FACTORS

The three-constraint probability distribution
from a preliminary sample of unique y fits was
found to be biased toward high probability. This
was not true of the unique A, K' fits. It was dis-
covered that in reaction (1}, the average fitted
spectator proton momentum from SQUAW was in-
ordinately large. Therefore, the errors on the
spectator momentum were scaled relative to the
momentum error of the converted y,

(nP, ), = (0.05)»„
(r p, )L = (0 01)»y,

where T and I refer to transverse and longitudinal
components relative to the direction of the y labo-
ratory momentum. It was found that these esti-
mates for the spectator momentum errors im-
proved the three-constraint probability distribu-
tion.

E. Beam momentum

In order to transform variables into the proton-
proton center of mass system, the momentum and

angles of the beam track have to be known at each
primary interaction vertex. However, the event
measurements did not, in general, include any
track at the primary vertex. Therefore, we mea-
sured the beam tracks of 1000 primary vertices
with associated three-constraint V' fits. These
measurements were made on POLLY III with the
results

p (x = 0) = 12.35 + 0.40 GeV/c,

P(x =0) = 354.73' + (0.0095'/cm) y,

&(x =0) =-0.025'.

Of the 9'718 reconstructed V"s, we obtained
5979 three-constraint (3C) fits corresponding to
a total of 5199 unique and 381 ambiguous 3C V"s,
This amounts to an ambiguity of 6.8%. The re-
maining 4138 "neutral" events with a 1C fit or no
fit at all are those not associated with a recon-
structed primary interaction within the chosen
fiducial volume. Most of these were produced up-
stream of the chamber, in the beam window, or in

the chamber walls.

A. Separation of the V events into y's, E '. , and A' s

The headings of Table I indicates the types of
ambiguities encountered between the A, K', and

y fits. The transverse momentum distribution of
the negative track from the neutral events was
used to assign ambiguous events to definite chan-
nels. An event fitting the A (K') but also fitting y
was assigned io the y channel if P'r &0.01 GeV/c
(0.02 GeV/c}. An event fitting both the A and K~

hypotheses was assigned to the A channel if
Pr' '(fP) &0.11 GeV/c.

To estimate the losses of A's or K~'s into the
y sample caused by these assignments, we make
use of the fact that the decay of a V' in its own

rest frame gives a probability distribution for P~
of

where N(Pr) is the fraction of the total number of
events expected between P~ and P~+dP~, and P*
is the particle momentum from the Vo decay
(P =0.1004 GeV/c for A and 0.206 GeV/c for Kz)
in the V rest frame. By integrating the above ex-

TABLE I. Classification of 3C fits.

Unique fits
K'

Ambiguous fits
AK0 yKO yK OA Total

Raw number of
3C fits

Selected number of
3C fits

For A

For Ko

For y

309 246

309

4644

4644

173

128

126

123
3

18 5580

486
255

4839



1760 K. JAEGE R et al .

pression from 0.0 to 0.01, we find that 0.50k of all
A's should lie in the region which was assigned
to y's. In Fig. 2(a) we show the Pr distribution
for all 3C A fits inside the fiducial volume. Note
that from this event sample, we expect two events
in the region of 0.0«P~ «0.01, compared to the
one event actually found. Similarly, we integrate
from 0.0 to 0.02 for K~'s and find that 0.5% should
fall in this region. From Fig. 2(b} we estimate
that we should have one event instead of zero ob-
served. For the A/K' ambiguity, we integrate
from 0.0 to 0.11 for the K' distribution. This
yields that 15.5' (i.e., 38 events) of all selected
K"s should be in this interval; instead we find
30. Thus, in all three cases, we have agreement
between the number of events expected and those
found.

The transverse momentum distribution of the
e from the y conversion is sharply peaked at
zero with only 27 events having P'r &0.02 GeV/c.
Of these, five are unique y events and the rest are
assigned to the A or K' samples according to the
P~ cuts described above. The numbers of selected
events are tabulated in Table I.
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B. Fiducial volume and minimum length cut
lo-

In order to guarantee that all beam tracks had
entered the chamber through the beam window,
the z and Y coordinates of the primary vertex were
required to be within 123.5 cm «z «137.5 cm,
-110.0 cm «y «90.0 cm. For the x coordinate,
we chose -136.0«x «132.0 cm for the primary
vertices associated with the A and K events and
-132.0«x «94.0 cm for those associated with the
y events. This tighter x cut for the y events was
necessary in order to ensure sufficient conversion
length for the y's and thereby avoid large weight
factors. '

The fiducial volume for the secondary interaction
(V"s) was kept the same for both event samples.
It was chosen as a cylinder situated at the center
of the chamber with radius R =170.0 cm and with
80.0 cm «z «190.0 cm. Note that the bottom of this
cylinder is on the average 30 cm from the bottom
of the chamber.

In order to check for a possible loss of V 's
close to the primary vertex, we plot in Figs. 3(a)
and 3(b) the number of A's or KP~'s versus the de-
cay length L. From these graphs, it is evident
that losses occur for A's of decay length less than
4 cm and for K~'s of length less than 3 cm. These
values were chosen as the minimum length cut,
L»»n.

To correct for these L,„,„cuts, as well as for
decays outside the fiducial volume, each A or K~
was given the standard weight

0.05 O.IO 0.15 0.20

PT(~} (Kso) (Ge V/c)

FIG. 2. (a) Transverse momentum distribution of the
from A decays [P ~ (A)] for 3-constraint fits inside

the fiducial volume. Shaded events are those sel.ected
by the P & cut. Cross-hatched events are unique fits.
(b) Same as (a) for Pz" (K&).

gl —I 0/(e &rrrrnri p e ~por r~p) (4)

where I-p I is the potential path along the line of
flight of a neutral particle (A or KPz) from the pro-
duction vertex to the boundary of the fiducial vol-
ume, f =(P/m}cr with P, m, and 7' as the mea-
sured momentum, the mass, and the lifetime of
the V', respectively.

For the y sample, Lp in Eq. (4} is the mean con-
version length at a given laboratory momentum and
is calculated from the pair production cross sec-
tion given by Knasel. ' Event losses are clearly
visible up to an observed conversion length of 10
cm as shown in Fig. 3(c). To study this loss, we
have plotted in Fig. 3(d) the weighted number of y
events as a function of the minimum conversion
length accepted (L,.}. A loss of events is evident
for the lower edge at &12 cm, the value chosen
for L»»». The number of events remaining after
the fiducial volume and I »»» cuts are listed in

Table II.
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tion of p events within a 5 cm bin.

C. Scanning efficiency correction factor
and cross section normalization

Of the 14 rolls (26 300 frames) analyzed in this
experiment, ten rolls (19100 frames) were double-
scanned, For the A and Ks events, the single-scan-
ning efficiency is (93 s2)/n, whereas the double-
scanning efficiency is (99+1)%. For the z's the
data were divided into six equal bins of the center
of mass production angle, cos 6*, and the scanning
efficiency was computed for each bin. The results
are shown in Table III. The scanning efficiency
correction factor, W„ for all events is then cal-
culated for the single- and double-scanned events

as appropriate.
The cross section normalization was determined

from a beam track count in every tenth frame. We
find for the y events a value of 1.05 +0.05 events/
p.b, whereas for the A and K~ events, because of
t:he larger fiducial volume, this number is 1.21
+0.06 events/pb. The corresponding factor, W„
is the inverse of these values [Table II].

D. Center-of-mass symmetry corrections

In order to check for further event losses, we
plotted in Fig. 4(a) the production angle of the A' s
in the PP center-of-mass system. It is evident

TABLE II. Number of events after various cuts.

Event
type

After fiducial After forward-
volume and backward sym- Average
length cuts metry cuts weight p b/Event

Correction for
unreconstructed

events

A

zs
y

411
211

3752

411
204

3587

1.52
1.67

14.54

1.0/(1.21 + 0.06)
1.0/(1.21 + 0.06)
1.0/(1. 05 ~ O.05)

1.33 + 0.09
1.62+ 0.16
1.27 + 0.13

For further details, see Sec. IV.
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from this plot that the departure from the expected
forward-backward symmetry suggests event losses
for cos6)*&0.85, i.e., very forward events. The
ratio of weighted events in the forward hemisphere
to those in the backward hemisphere is equal to
0.78 +0.08, which indicates, assuming that all
backward events are seen, that 22% of the forward
hemisphere events are lost (58 unweighted events)
To check whether these losses might be due to
A + P interactions, we weight each event by the
inverse of the interaction probability using o(hP)
=35 mb (see Ref. l) and find that this accounts for
only 4% of the 22% loss. ' To correct our cross
sections for the forward A losses, we have scaled

TABLE III. Scanning efficiencies for y events.

Scan 2 Both scans

-1.0 -0.667
-0.667 -0.333
-0.333 0.0

0.0 + 0.333
0.333-+ 0.667
0.667 1 ~ 0

0.78 + 0.11
0.86+ 0.07
0.82 + 0.07
0.85 + 0.07
0.88 + 0.05
0.88 + 0.04

0.66+ 0.11
0.78+ 0.07
0.77 + Q. 07
0.82 ~ 0.07
0.83+ 0.05
0.78 + 0.04

0.93+ 0.05
0.97+ 0.02
0.96+ 0.02
0.97+ 0.02
0.98+ 0.01
0.98+ 0.01

the three forward-most bins in cosa* [Fig. 4(a)]
by the backward-to-forward ratio for each bin
separately.

Turning now to the K~ events, we note that after
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FIG. 4. (a) cos0* of A's in the over-an center-of-mass system. Events are inside the fiducial volume and have a
length L &4.0 cm. (b) Histogram of Pz for weighted K& events. Events are inside fiducial volume and have a length
L & 3.0 cm. (c) Peyrou (P z versus Pjf) plot of unweighted p events inside fiducial volume and with length L &12.0 cm.
The curves in the backward hemisphere correspond to P&„=25, 50, 90, and 150 MeV/c. The corresponding reflected
curve for 90 MeV/c is shown in the forward hemisphere.
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the fiducial volume and length cuts, we are left with
211 events ITable II]. Their backward-to-forward
ratio is 0.69 +0.10, which indicates a loss of 31%
of the events in the backward c.m. hemisphere
(22 unweighted events}. From the weighted histo-
gram of P~ shown in Fig. 4(b), we clearly see the
loss of events in the backward hemisphere for
P~~ & —0.5 GeV/c. . We do not have any clear expla-
nation for these losses. One can argue, however,
that these are low P», high P~ events produced at
large angles (& 45'} with respect to the beam direc-
tion in the laboratory, and thus would be sus-
ceptible to a severe scanning loss. In order to
correct for these losses, we remove the 7 events
with P~&-0.5 GeV/c and weight those with P~&0.5

GeV/c by a factor of 2.
For the y's, we are left with 3752 events after

fiducial volume and length cuts. To check for for-
ward-backward symmetry, we display in Fig. 4(c)
a Peyrou plot of P~ versus P~ in the over-all cen-
ter-of-mass system. The curves in the backward
hemisphere represent constant laboratory momenta
of 25, 50, 90, and 150 MeV/c. The plot clearly
indicates a loss of events for low laboratory mo-
menta. To determine the extent of these losses,
we have deleted events with less than a particular
P», as well as those that lie under the reflected
curve in the forward hemisphere. For the re-
maining events, we then plot in Fig. 5 the backward
to forward ratio using weighted events as a function
of the P» cut for all events and separately for
three intervals in lcos8*1. It is clear that there
are losses for Ph~b & 90.0 MeV/c except for -0.33
& cos0*&0.0. In region -1.0& cos0*~-0.67, there
is an additional loss of about 4% of the total y
cross section that is not a function of P» . Since
the correction for unreconstructed events is large
(see section below}, to avoid the possibility of
double weighting we have not applied an additional
correction in this kinematic region. Thus, we
remove all events with P~~b & 90.0 MeV/c and
P~~&0.0. Events in the forward hemisphere under
the reflected curve are then weighted by a factor
of 2. Note that the 90 MeV/c curve extends slightly
into the forward hemisphere and events observed
in this region are also weighted by 2. There may
remain a loss of very low momentum y's in this
region. This loss is estimated from phase space
considerations to be small and is therefore ne-
glected. The final numbers of events after all
these cuts are listed in Table II. The correspond-
ing center-of-mass system symmetry correction
is called W4.

E. Unreconstructed event correction factor

Another large correction factor is contributed
by the unreconstructed events. In order to deter-
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FIG. 5. Backward to forward ratios of weighted y
events as a function of P& . In each case, events with
momentum less than P& as well as those under the re-
flected curve in the forward hemisphere have been
removed. (a) Events which satisfy 1.0 & (cos8*~~0.67.
(b) Events which satisfy 0.67 & )cos9*~~ 0.33. (c) Events
which satisfy 0.33 &

( cos8 *~ ~ 0. (d) All events.

mine this factor, physicists examined unrecon-
structed events found on 4 out of the 14 rolls em-
ployed. The study involved about 1000 V' candi-
dates. By insisting that these V"s (1) be asso-
ciated with a primary vertex, (2) be within the
fiducial volume, and (3) definitely resemble y,
K, or A, approximately 600 events were retained
as good V' candidates. After careful examination,
these 600 events were taken as a representative
sample of all scanned events and the correction
factors obtained from these V"s were applied to the
total sample. Since there was no obvious reason
why these V 's differ from the well-reconstructed
events, we assumed that the fraction pointing back
to a primary vertex is the same for both samples.
From these ratios, one then obtains the over-all
correction factor (W, ) for event losses due to un-
reconstructed events: 1.33 +0.09 and 1.62 +0.16
for the A and K~ samples, respectively. Because
of the larger statistics in the y sample, this cor-
rection factor was calculated independently for
each topology. %'ithin errors, they are equal to
the average of 1.27 +0.13. More detailed discus-
sion of these corrections can be found in Ref. 3.
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F. The y' probability cut and correction factor

80$ p+p ~+X
4I I RAN EVENTS

40-

67'
r&

20-

IO-

I%

The p' probability distributions for the A, K~,
and y events are shown in Fig. 6. In all distribu-
tions, there is an excess of events with P(X2)&1/o.
No correlation was found between these low proba-
bility events and other variables such as decay or

conversion lengths, P», and the azimuthal pro-
duction angle in the laboratory frame, etc. There-
fore, we include all events for cross section pur-
poses. However, for detailed analysis in terms
of any kinematic variable, we excluded from our
samples all events with P(y.') &1/0 and normalized
all distributions to the total cross sections. This
correction factor (W, ) equals 1.12, 1.08, and 1.07
for the A, Ks, and y events, respectively.

In the previous sections, we have described six
correction factors employed in this experiment.
Their product gives then the total weight factor
for each event.

30- I I

0.05 O.IO

X PROBABILITY

V. MASS OF A'. AND A AND CROSS SECTIONS

A. Mass of Eo and A

IO-

L L

p+ p- (K /K~)+X

204 RAN EVENTS40 -I

IO

I I I I I I I I I

O. l 0.2 0.3 0.4 05 Q6 0.7 0.8 Q9 I.O

X PROBABILITY
LLII— ~1%

26-

As described in the previous section, the final
selected number of

KOR
's (A' s) events is 204 (411).

To check the magnetic field map as well as the
accuracy of the bubble chamber reconstruction,
we plotted Gaussian ideograms and histograms
of the measured mass values. These graphs
yielded

M(Ko) =497.8 +0.3 MeV/c',

30-

20-

10-

I I

O. l 0.2

(b)

PROBABILITY

0.05 O.IO

PROBABIL ITY

with a half width at half maximum of 5 MeV/c'
and

M(A) = 1115.6 +0.1 GeV/c',

with a half width at half maximum of 1.5 MeV/c'.
Both values are in agreement with the world aver-
ages of 497.70 s0.13 MeV/c' and 1115.60 s0.05
MeV/c', respectively. '

(cj

4000 $ "'
r

5725 RAN

~ l500—
C)

~ l000—
I—

LLJ

500—

5I00-
5000.7
looo -L

500-

0 I Il» II «
0 0,05 O, IO
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B. Cross sections from multiple Vo events

TABLE IV. Number of multiple y events.

Topology ly+X
P +P

2y+X 3y+X 4y+X

In order to obtain cross sections for m, g, and
~o production, we formed the invariant yy, Ay,
and AK mass distributions for double V' events
(Tables IV and V) for which both V"s are asso-
ciated with the same PP interaction. As discussed
in Ref. 2, the 111 events which fit n' —yy yield an

0
0 O. I 0.2

I I I I I I

0.5 OA 0.5 0.6 0.7 0.8 0.9 I.O

PROBABILITY

FIG. 6. (a) g2 probability distribution for A events
(insert: expanded scale for low probability events).
(b) Same as (a) for K /P' events. (c) Same as (a) for

y events.

2 prongs
4 prongs
6 prongs
8 prongs

10 prongs

1040(21.15)
1266(19.41)
380(19.67)

48 (18.10)
1(11.55)

104(18.57) 10(16.68)
141(19.45) 7 (15.07) 1 (13.14)

37 (17.90) 3(24.85)
6(11.61) ~ ~ ~ ~ ~ ~

~Numbers in parentheses represent the average weight
per p for the respective channel only.
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inclusive m cross section TABLE V. Number of multipl. e Vo events.

o(p pp —go + X) =33.1 +5.6 mb. P +P- Number of events'

Since no q signal is observed in the yy mass dis-
tribution of Fig. 7(a), an upper limit can be set,

&(0 +p -'0 + X)-0.5 mb (95Vo confidence level).

The Ay mass distribution [Fig. 7(b)] shows a small
~' enhancement above a background. Five of the
events yielded a & fit indicated in Fig. 7(b). By

y+A +X
f +Kg +X
A+A+X
A +KID+X

K+E +X

79(20.09)
24{23.38)
1(1.40)

19(2.00}
4 (2.43)

'Numbers in parentheses represent the average of the
product of the two weights (+'&' W2).
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FIG. 7. (a) yp mass distribution (unweighted events). Shaded events represent fits to ~ -y+ y. (b) Ap mass distri-
bution (cross section equivalent weights). The insert shows the Ay mass region between 1.15 and 1.28 GeV/c2. Shaded
events represent fits to Z —A+ y. {c) AK, mass distribution (weighted events). Shaded events represent the unweighted
events.
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using these five fits, we obtain a cross section of

P+P Fo +X)=103+47 p, b,&Ay

a result which agrees with the value obtained by
estimating a ~' signal above a small background. "
The insert in Fig. 7(b} shows the &o mass region in
more detail on an expanded scale.

The mass enhancement at M(Ay) =—1.575 GeV/c'
corresponds to a 3 standard deviation effect and
has a full width at half maximum of -50 MeV/c'.
Since the effective masses of M(Ay) from &* reso-
nances of mass greater or equal to 1.765 GeV/c',
i.e., ~*-An with the n'-yy, reflect into this mass
region, no further conclusion on this mass bump
can be drawn at this time. The AKs mass distribu-
tion [Fig. 7(c}j yields no substantial information on
the AK' decay mode of +* states.

In Table IV we have listed the number of 1y, 2y,
3y, and 4y events as a function of topology. Also
indicated are the average weights per gamma in
each channel. The number of multiple V events
are listed in Table V. The total weight for eacl' of
these events is the product of the individual
weights. The averages of these products in each
channel are also listed.

C. Total and topological cross sections

In Table VI we list the number of raw events as
a function of topology together with the correspond-
ing cross sections. For the A and K' events, we
have corrected for unseen decay modes. ' The
total inclusive cross sections are

a'(P+P -A+X) =1.07+0.11 mb,

v(p +p -Ko/17o+ X) =1.37 +0.16 mb,

o(P +P —y+ X) = 63.1 s 5.1 mb.

The most likely sources of y's other than from n'

decays are q and ~ decays. From the inclusive
g and ~' cross sections quoted above, we see that
they contribute ~1 mb to the inclusive y cross sec-

tion. Neglecting these, thereby assuming that all
y's originate from m' decays, yields

u(p +p —rP + X}= 31.6 x 2.6 mb.

Since this value agrees with the direct measure-
ments quoted above from a small sample of m -yy
events, we conclude that it is our best estimate
for the inclusive m' cross section, and that w de-
cay is the source of at least 98/p of the photons
we observe. The inclusive n' cross section is
plotted in Fig. 8 together with data at other mo-
menta. " " The topological n' cross sections are
also presented in Table VI.

Vl. iHULTIPLICITIES OF THE INCLUSIVE
7f, Eo, A EVENTS

From the topological cross sections listed in
Table VI, we calculate the average number of
(h), (K'/Ko), and (v') per inelastic pp collision

(V'). = c.(&)/c.(PP),

where the inelastic topological PP cross sections
at 12.0 GeV/c are given by Ref. 11 and n is the
number of charged particles produced. The re-
sults are in Table VII and are plotted in Fig. 9,
which also includes data from the 19.0 GeV/c (see
Ref. 12}and 69.0 GeV/c (see Ref. 13) PP experi-
ments for the A and K'. The (v') values are com-
pared with data from the 69.0 GeV/c (see Ref. 13)
and 102.0 GeV/c (see Ref. 14) experiments. In
all three cases, the (V')„becomes more positive
as the energy increases. Furthermore, at a
given energy, the (Y')„becomes more positive as
the mass of the V decreases.

We have also plotted the average value (w')
= 1.06 +0.09 together with other data" "as a func-
tion of s, the total center of mass energy squared
(Fig. 10). The straight line represents a fit of
the form"

(vo) = —(1.68 + 0.19)+ (0.87 + 0.05 ) in s .

TABLE VI. Inclusive total and topological cross sections forP +p (A, K, yI +X.

A events K events
Raw no. 0'('Pp A+X) ' Raw no. 0'(PP -X /R +X) Raw no.

Topology of events (mb) of events gamb) of events

y events
ryP —q+X~ ~ 0 yP 7r~+X) '

I', mb) (mb)

2
4
6
8

10

Total

237
148
24

2

0.650+ 0,092
0.359+ 0 ~ 053
0.056+ 0.013
0.004 + 0.003

1.069 + 0.107

101
87
15

1

204

0.690 + 0.120
0.573+ 0.103
0.103+ 0.031
0.005+ 0.005

1.371+0.161

1349
1678
496

63
1

3587

25.0+ 2.2

28.6 + 2.4
8.5+ 0.8

0.94 + 0.16
0.01 + 0.01

63.1 + 5.1

12.5+ 1.1
14.3+ 1.2
4.25 + 0.4
0.47 + 0.08

0.005 ~ 0.005

31.6+ 2.6

All errors include an 8% systematic uncertainty.
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In order to present similarities between the
charged multiplicities for all events and for those
associated with m', K', and A production, we have
calculated the quantities

l75

l50—

l25—

1 I l I I f J I l I I I

ptp w0+X

101411

where A' stands for m', R', and A associated events,
and n is the number of charged particles at the
primary vertex. For the total charge multiplicities,
we use

tooE

75—

50—

25—

The values so obtained are graphed in Fig. 11 as
a function of s." It is quite apparent that all values
are consistent with the same curve. Using all data
points shown, we obtained the fit shown on the
graph

(n,.„)""= -(1.69 + 0.08) + (1.5 6 s 0.02) lns .

To demonstrate the nearly equal values of (n,.„)"
and (n,„) even further, we plotted the ratio of these
two values as a function of s, shown in the insert
of Fig. 11. It is clear that the ratio stays around
unity. Similar results hold for both the K' and A

production data. Thus, over a wide range of s, we
observe that the average charge multiplicity in

Pp inte ractions is the same whether or not ~"s
are produced, and even whether or not neutral
strange mesons (K'/R') or baryons (A/Z') are
also created in the interaction.

Vll. DIFFERENTIAL CROSS SECTIONS

In this section the data will be discussed in terms
of the variables Pr (the transverse momentum)
and x (the Feynman scaling variable), defined as
x = Pz /P, *„„,where P~*. = longitudinal momentum in
the over-all c.m. and P*,,= maximum c.m. mo-
mentum of the particle. " The invariant cross sec-
tion is written as

g+d30 g+ $2

d *' vP* dxdP '
max T

ioo

PLab (Ge V/c I

I GOO

FIG. 8. Inclusive p +p —m +X cross sections. Data
from this experiment and from Refs. 11-17.

If Feynman scaling exists, then it is expected
that this function will become independent of s
(= square of the over-all c.m. energy). Integration
over P~' yields

g2g

max

Because of the limited statistics, we have folded
the forward and backward events with respect to
x= 0 and added the distributions. In Fig. 12 we
present the da/d (x ) as well as the F, (~x~} distribu-
tions for the A data. Similarly, the K' values are
plotted in Fig. 13. The difference in shape be-
tween the two graphs is evident. While the K"s
are mainly produced in the centra. l region ~x)
~ 0.4, the A's are produced up to ~x

~

= 0.8.
In Figs. 14(a) and 14(b}, we present the da/dPr'

distributions for inclusive A and K' production,
respectively. In both cases, the data agree with
those from the 12.0-GeV/c experiment. "

The rapidity distributions in the over-all c.m.
system are presented in Figs. 15 and 16 for R'
and A, respectively. The variable is defined as

TABLE VII. Average number of A, K, and 7I per inelastic PP collision.

No. of
prongs

2

4
6
8

10

Total

12.7 + 0.25
13.2 + 0.10
3.45+ 0.04

0.381+ 0.013
0.013+ 0.002

29.75 ~ 0,25

0.051+ 0.007
0.027 + 0.005
0.016+ 0.004
0.011+ 0.008

0.036+ 0.004

0.054 ~ 0.009
0.043+ 0.009
0.030 + 0.009
0.013+ 0.013

0.046 ~ 0.005

0.98+ 0.09
1.08+ 0.09
1.25+ 0.12
1.23 + 0.21
0.39+ 0.39

1.06 + 0.09

~Data at 12.0 GeV/c from Ref. 11.
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FIG. 9. (a) Average number of A, (A), as a function of topology, n, for this experiment and also from Refs. 12 and

13. (b) Same as (a) for gCe+e); also shown are data from Refs. 12 and 1$. (c) Same as (a) for (e'); also shown are
data from Refs. 13 and 14.
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FIG. 10. Total average values, (v ), as a function of s.
The straight line is (7I ) =- (1.68+ 0.19) +(0.87+ 0.05) lns.

with all + quantities referring to the over-all c.m.
system. In both graphs, the distribution has been
folded about y*= 0 and added. The solid line rep-
resents the 19-GeV/c data. " Rapidity distributions
in the c.m. system for the y events are plotted in

Fig. 17 for all events and for individual charged
topolo gies.

Most of the inclusive y and m' data from this ex-
periment have already been published. " To de-
rive inclusive v' differential cross sections, g(P' },
from the inclusive y spectra, f(P&}, we use the

0.0I i

0.2
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i
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Ixl

I.O
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I 1

(K/K )+X
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FIG. 12. dc/d)xI and F&()xI) for p +p —A+X. The
data have been folded and added about & =0.
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FIG. 11. Average charged multiplicities for all events,
and for those events associated with m, K, A pro-
duction. See text for further details. The curve repre-
sents a fit to all data points of the form (n,„)'" =- (1.69
+ 0.08) +(1.56+ 0.02) lns. The insert to the figure shows

the ratio (n,&) /(n, h ).
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FIG. 13. Same as Fig. 12 for p +p —(K /K ) +X.
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FIG. 14. (a) do/dPr for p +p —A+X. Data from Ref. 11 are also shown. (b) Same as (a) for p +p —(f6~/fc ) +X.
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FIG. 16. Same as Fig. 15 for p +p —A+ X.
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relation"

g(P,")=.

PTdf/dpi'

lpyr, . ,

with

P' = ' (P' -+ l(P" )'+ (M )'1'") (5)

For P; we choose the longitudinal c.m. component
P~ or one of the transverse components P, . In
order to carry out the differentiation required,
the differential cross section f(p~~&) = da/d ~P~~"~

[Fig. 18(a)j has been fitted to"

l00.0

I0.0—

I

p+p —&+X

$ ALL EVENTS

$ 2 PRONG EVENTS

$ 4 PRONG EVENTS

$ 8 PRONG EVENTS

$ 8 PRONG EVENTS

L, I

and we obtain g(pz*' ) = do/d ~pz*'
( using Eq. (5).

This curve is presented in Fig. 18(b) together with
data points from our ~'- yy fits. In a similar
manner, the do/d ~p,"~ distribution was fitted to"

z~~„=g &;e yl-&; I&ill,
yl

and we obtain I, (p,' ) = do/dP, " using Eq. (5). In
order to obtain the transverse momentum distri-
bution, h(P~ ), we calculate"

I.O—

O. l I I I I

I.O 2.0 5.0 4.0
I I

5.0 6.0 7.0
(P~o2 Plio2)~&2 '

pg0

with the result plotted in Fig. 19.
We observe that the data from the &' fits agree

well with the transformed y distributions for all
values of ~Pz*'

~1
and P~z" Furtherm. ore, these

figures include data from the 12.0-GeV/c experi-

I y" I

FIG. 17. da/dly ~1 for the inclusive y events. The data
have been folded and added about y*=0. Data points for
2-, 4-, 6-, 8-prong events are given separately.
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FIG. 18. (a) do/dIP~&j for inclusive y events. The data have been folded and added about Pg& =0.0. The curve cor-
responds to a fit of the form Q;~ &A; exp[-8;IPg&I I. (See text for further details. ) (b) do/d IP&" I for the reaction
p +p- 71 +X. The curve is the ~ spectrum derived from the inclusive p sample. A one-standard deviation uncertainty
calculated from the full error matrix of the fit to the p distribution is shown by the dashed lines bordering the trans-
formed ~ spectrum. Also shown are inclusive p +p —

TT +X spectra from Ref. 26. Data points from the inclusive 7t

—yy fits from this experiment are also indicated.
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and A events as a function of s.
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ment" for the reactions P + P- r' + X. In both

graphs, it is evident that our 7t cross sections
are consistent with being equal to the average of
the m' and ~ spectra. Lipkin and Peshkin" have
shown that the relation da/dP(vo) = ,'[da/dP(v')—
+ d /de )]vshould hold at all pion momenta in

pp interactions, assuming pure isospin zero t-
channel exchange.

In Fig. 20 we show our results for (Pr) for in-

FLQ. 19. dv/dP& for the reaction p +p x+X. The
broken curves represent the &~ spectrum, with one-
standard deviation uncertainty, derived from the inclusive
p sample. Also shown are inclusive p +p —x' +X spec-
tra from Ref. 26. Data points from the inclusive ~ —yy
fits from this experiment are also indicated.

elusive y, K', and A production, as well as
values found at other energies. In all three cases,
there appears to be no significant variation over
the energy range indicated. It should be noted,
however, that in the case of PP-r + X, an inclu-
sive channel for which large statistics are avail-
able, there is a significant increase with s in
(P,),—."

Vill. ASSOCIATED CHARGED MULTIPLICITIES

A study of the charged multiplicity associated
with the production of a K' or A as a function of
the lxl and Pr' values of the K' or A a.re shown in
Fig. 21. Figure 21(a) indicates that the average
multiplicity seems to be independent of the trans-
verse momentum for both K' and A production.
Figure 21(b) suggests that as a K' or A is pro-
duced nearer to lxl = 1, the associated charged
particle multiplicity becomes smaller. A similar
effect has been observed in 19-GeV/c pp inter-

p+p —(K /K )+X

p+ p
—A+X

(a)
p & p-(K/K )+X

p & p-A+X
(bj

2—

I I I I I I I I I I I I I I I I

0 02 0.4 0.6 0.8 I.O 1.2 14 I.6 I.8

P' [(Gevic)'j
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I
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I
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FIG. 21. (a) Average muIttplicity for inclusive (A) and (K /K ) events as a function of Pr2. (b) Same as (a) as a
function of Ixl.
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actions. "
Figure 22(a) shows the missing mass squared

recoiling off a R' or A in the reactions

these two reactions, we observe no significant
differences in the shape of either the (MM)' or
the average multiplicity distribution.

and

p+ p-A+ X

p+ p-K'+ X.

IX. MOMENTUM TRANSFER DISTRIBUTIONS
AND POLARIZATION OF THE A

A. Momentum transfer distributions

Figure 22(b) shows the average associated charged
particle multiplicity as a function of (MM)'. Ex-
cept for the different thresholds associated with

The distribution of momentum transfer, ~t t„„„-~
= t', between the A and proton is plotted in Fig.
23. For the events in the forward c.m. hemisphere,

I
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FIG. 22. (a) dv/d(MM ) for inclusive (A) and (K /K~) events. (b) Associated charged multiplicity as a function of MM

for inclusive {Jh) and (K /K ) events.
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it was calculated between the A and the incident
proton. For the backward hemisphere, this calcu-
lation was made between the A and the target pro-
ton. The data points were fitted with an exponential

I

with the following result:

for 0.0&f'& l.4, A = 1.56+0.36 mb/(GeV/c)', B = -(1.57+0.13)(GeV/c) ';
for 1.4& f'& 3.75, A = 0.48+0.20 mb/(GeV/c)', B = -(0.70+ 0.14)(GeV/c) '.

In the case of the K' events, the data are presented in Fig. 24 together with an exponential fit with param-
eters:

for 0.0& ~t'~ &2.5 A = 1.20+0.48 mb/(GeV/c)' B = -(0.77t 0.11)(GeV/c) '.

B. Polarization of the A

The polarization of the A's is distributed as
W(cose) = (1+ nPcos6), where P= polarization
and n = 0.647.' The angle (9 is defined by cos6)
= 8 P, where

8 = normal to the production plane

= p, x A/ip, xQ,
where P~ and A are the momenta of thebeam pro-
ton and the A measured in the laboratory frame,

and where p is the momentum of the proton from
the A decay in the A rest frame. From the above
relation, we then obtain

3P = —(cos6) .
Q

We obtain (for the average over all events) a
polarization of

P = -(0.19+0.15) .

p+ p-A+ X

I.O

1.0
p+ p-(K /K ) +X

b

CV

E

b
O. l

0.0I

0.00I I
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I I I
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0
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It I (GeV )

l
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FIG. 23. do/d)t'I for inclusive A events. The curves
represent fits to A exp(BIt'I).

FIG. 24. dold~t'~ for inclusive (K /K ) events. The
curve represents a fit to A exp(BI&'I).
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By plotting P as a function of ~x), we obtain the
graph presented in Fig. 25. It is clear that it is
consistent with zero polarization throughout the
~x~ region. It should be noted, however, that the
data include A's from Z' decays, a contamination
of at most 15/0. Hence, zero A polarization in
this experiment appears to hold true.
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