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Characteristics of V' and y production in pp interactions at 205 Gevic
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In an exposure of the Fermi National Accelerator Laboratory 30-in. bubble chamber to a
beam of 205-GeU/c protons, we have determined total and differential cross sections for
the inclusive reactions P +P -y+X, 7r~+X, (K /K+) +X, A+X. Invariant distributions in x
indicate that for y, A, (s production, scaling has set in somewhere before 69 GeU. The y
differential cross sections are consistent with the relation d o/dP„(7r ) =,'- [dv/dP„(7r+)
+da/dP„, {7r )j for all P„, where P„=Pg or P~. The differential cross sections for A and
K production indicate a break in the distribution at ~t-t~»»&~ =1.5 (GeV/c) and 0.5 (GeV/c),
respectively. The A polarization is found to be —(0.25+ 0.26), consistent with zero through-
out the x region.

I. INTRODUCTION

and

P+ P y+X,

p + p —(K /K') + X,

p+ p-A+X,

(1)

(2)

(3)

(4)

have already been published" based on analysis
of 15000 pictures. We now give the final results
and compare them, where possible, with data at
lower energies.

II. SCANNING, MEASURING, AND FITTING PROCEDURES

The film was first scanned for all beam track
interactions within a selected fiducial region, on
tables giving an approximately life-size image of
the bubble chamber. Kinks as well as associated
V 's and y's were recorded with the interactions.
Subsequently, each event was examined in detail
by a physicist who made a careful search for any
vees appearing to point to a beam-track-inter-
action vertex or to a secondary decay vertex.
This was done on a scan table that could give an
image 6&& life size. This large magnification was
especially useful for finding vees in high-multi-
plicity events, where frequently a vee was ob-

In this paper we present results on K' (or K'),
A' (including those from Z' decays), A' (including
those from Z' decays), y, and m' production in

pp interactions at 205 GeV/c. The data were ob-
tained from a 50000-picture exposure (0.23
events/pb) of the 30-in. hydrogen bubble chamber
to a beam of 205-GeV/c protons at the Fermi
National Accelerator Laboratory (Fermilab).
Preliminary results for the inclusive reactions

scured by the forward-going cone of tracks f rom
the production vertex. Approximately 10% of the
vees in the experiment were first found» the
high-magnification scan, and were very difficult
to observe on the life-size image.

To estimate scanning efficiencies, part of the
film was rescanned. The single-scan efficiency
for finding events was (98.5+ 1.0)% [except for
elasticlike two-prongs having a short stub, for
which it was (94+ 2)%]. The efficiency for finding
a vee with an event was (94+ 3)% assuming random
scanning losses only. Vees were kept only if they
were within a fiducial volume chosen to give on
all views at least 10 cm of track from the decay
or conversion point to the edge of the illuminated
region of the bubble chamber. Each vee and its
associated production vertex were measured on
conventional film plane digitizers and processed
through the reconstruction program T'~"=P. The
35oj() of events failing were remeasured on the
high-magnification tables, which are equipped
with film plane digitizers. Remeasurements were
done up to four times if necessary until ~ 95%
gave good T'&GP output. Measurements were pro-
cessed through SUA'~' where 3C fits to V' decay
or to y conversion to an e'e pair on a proton or
electron were attempted. In making the y fit, a
proton or electron with recoil momentum of
order 1 MeV/c constrained to be essentially per-
pendicular to the y direction was used. This ap-
proximates the behavior of real protons and elec-
trons in the y conversion process.

The total number of vees found was 1366, of
which 1272 passed SQUAW and continued onto the
data summary tape (DST). Of the remaining 94
unfitted events, 38 were definitely outside the
fiducial volume or within a length of L„„» or were
definitely y's of momentum & 100 MeV/c (L„„,, and

P,„,„will be specified later). Hence, there re-
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mained 56 unfitted events which had to be dis-
tributed to the different hypothesis. Table I shows
a detailed classification of these events. By use
of opening angle, ionization, momentum of the
measurement, and vp. e decays, the unfitted events
could be classified as indicated in Table I. In 32
cases, a clear signature could not be put on the
vee, mainly because one of the tracks was buried
in the forward cone of tracks from the production
vertex of the event with which the vee appeared
associated. The 32 unidentified events (columns
5 and 6 of Table I) were distributed for cross-
section purposes in proportion to the number of
measured events in each channel.

The final number of three-constraint fits on the
DST was 1459, which, when compared to the 1272
events, indicates the small ambiguity level of the
measured events.

III. SELECTION OF A EVENTS

The first column of part {a)of Table II gives
the number of 3C A fits found. Of the 11 events
ambiguous between A, y, and K, we retained the
A's only if it was one of two fits with the highest
g' probability. The two-way ambiguous events
were then selected from the P distribution. (This
momentum component is from the negative track
of a vee transverse to the vee line of flight. )

These distributions show that I"~ from y's, P~i

from A' s, and I'~ from K"s peak around 0.0,

TABLE I. Ambiguity pattern of unmeasured events.

Prong No. A K . A7i K, i, AA

2

6
8

10
12
14
16
18

Total 16 18

0.101, and 0.206 Ge V ic, respectively. From
unique event distributions, we found that events
with P i (y)& 0.0125 GeV/c should be called y's
and events with P," (K') & 0.105 GeV/c should be
K"s. Using these cuts, we obtain the second
column of part (a) of Table II. However, these
cuts are not adequate yet to obtain a clean sample
of A's since the number of true A's is only of the
order of a few percent of the y and K' events.
Hence, for the remaining ambiguous fits, we then
retained as A only thos for which the p' probabil-
ity was three times that of the competing fit.
(The results are insensitive to the exact value of
the g' probability ratio. ) This selection left us
with the events quoted in column 3 of part (a) of
Table II.

TABLE IL Selection of A, i&„K, and y events.

(a) & events

Unique
Ambiguous with y
Ambiguous with Ko

Ambiguous with y and% 0

Total

No. of
3 C fits

10
30
15
11

No. fits after
ambiguous event

selection
10

1
13

5

29

No. events after
y' probability

selection
10

0
lj

0

(b) Selection of A, K, and y events.

Unique fits Ambiguous fits
(A,x')

(yacc'}

Total

Raw No. of
3C fits

Selected No.
of 3C fits

for A

for Ko

for y

133

133
389

625

625

27

18

48 24

0
24

1257

186
396
675
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IV. SEPARATION OF y's, E 's, AND A' s

After events not selected as A's had been put
back into the overall event sample, we arrived at
row 1 of part (b) of Table II. The numbers cor-
respond to 3C fits.

Part (a) of Table II, column 1, shows that the
number of yX, KA, and yKA ambiguities is ap-
proximately six times the number of unique A' s.
In the A sample, the number of ambiguous yA,
KA, and yKA [part (b) of Table II, row I] fits
is 65% of the unique A fits. It is clear that the
bulk of the A candidates are y's and K's, which
simulate A kinematics. In the case of the A' s,
this question can be quantitatively investigated by
examination of the distributions of the momentum
component P~ of the negative track from a vee
transverse to the vee line of flight. Distributions
of the transverse momentum are shown in Figs.
1(a)—1(c) for the y, K', and A events, respective-
ly. The events in these plots all satisfy suitable
fiducial volume cuts as well as minimum decay
length criteria. Fast K's and A's which are too
far into the forward hemisphere are also re-
moved. (These cuts will be discussed in more

detail below. ) These distributions in Fig. 1 are
for unique y, K, and A fits and also for y, K, and
A fits ambiguous with others. To a good approx-
imation, all yK and yA (or yA) ambiguities can
be resolved by taking the y fit if P ~ & 0.0125
GeV/c. The percentage of true K or A fits lying
within this y selection range can be calculated
using the fact that isotropic decay of a vee in its
own rest frame gives a probability distribution
for P~ of

where N(P~) is the fraction of the total number of
events expected between P~ and P~+ dP~. P* is
the magnitude of the center-of-mass momentum
of the particles from the vee decay (P*=0.1004
GeV/c for A and A and 0.206 GeV/c for K). Inte-
grating Eq. (5) over the P~ range used for selec-
tion of y's shows that 0.8%%d of the A's and 0.2% of
the K's lie in this interval. Using the number of
events in the last column of part (b) of Table II,
we find that the ratios of A/y and K'/y equal 0.28
and 0.59, respectively. Thus, we estimate that

IOO -g p+p y+ X

672 Selected Events

~&&~ 48 Ambiguous Events

C

4p

LIJ

~ 20—
E

1 1 I l

p+p~(K /K )+X
333 Selected Events

~ 4 Ambiguous

Events

80—
C

LLI

60—
E

7
p

40—
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C/l

OP

40
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I
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20—
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(c)

1

0.005
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0.05 O. l 0
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FIG. 1. (a) P~(e ) of all selected p events after fiducial volume and I ~ cuts. (b) Same as (a) for P~(~ ) of K
events. The curve represents a fit to the probability distribution (see text) normalized to events with P~(~ ) & 0.110.
(c) Same as (a) for Pj (~ ) of A events. The probability curve is normalized to all events.
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the y fits obtained as described are at least 99.7 /o

pure.
Part (b) of Table II also shows an excess of

K-A ambiguities over K-A ones, suggesting in this
case that the ambiguous K-A events are primarily
A' s. Integration of the I'~ distribution for K's
from 0 to 0.105 shows that -14/p of the K 's decay
in this momentum range. There are 340 unique
K's with P ~ & 0.105 GeV/c, so there should be
55 K' events below; cf. 45 actually found. This
once again suggests that most ambiguous A/K
fits are really A' s.

The number of ambiguous K/A fits [part (b) of
Table II, row 1] is 26% of all A fits (after all
ambiguous y's have been resolved). The ambiguity
is resolved simply by assigning events with
P ~ (K') ~ 0.105 GeV/c to the K' channel and those
with & 0.105 GeV/c to the A' s. These selections
result in the event pattern shown in part (b) of
Table II. The histograms of Figs. 1(a)-l(c) show

only these selected events with additional cuts
(to be discussed below). We have fitted curves of
the form in Eq. (5) to the Ko and A distributions
[Figs. 1(b) and 1(c)] . In the K' case, the curve
was normalized to the events with I' ~ & 0.110
GeV/c. In both cases, smooth fits to the data are
obtained. It is evident from Fig. 1(b) that -7
events were lost from the K' sample into the A

events. Thus for cross-section purposes, we
added 7 events to the K"s and subtracted them
from the A sample. We have carefully checked
that our selection procedure does not introduce
errors which are comparable to the statistical
errors of the present experiment. If we changed
our selection procedure and chose 7 or 8 A events
to be K's, we find that the K's so chosen tend to
distribute themselves in any given plot (i.e., they
do not all pile into a single bin) and the A's are
removed in a distributed fashion. Hence, the
plots do not show any important quantitative
changes. '

V. FIDUCIAL VOLUME CUTS AND MINIMUM LENGTH

To ensure that all vees have a reasonable po-
tential path length and adequate lengths of decay
tracks, fiducial volumes were used both for the
production and for the decay vertices. The cuts
made were similar to, but slightly more restric-
tive than, the cuts made at the scanning stage
and, in addition, included cuts to remove vees
too close to the chamber glass window. Table III
gives the number of vees selected into each hy-
potheses. The first column indicates the final
number after all ambiguities have been resolved.
The second column gives the number of events
remaining after the fiducial volume cut.

To check for loss of vees close to the production
vertex, plots were made of the numbers of events
of various kinds versus decay length L. These
are shown in Fig. 2(a) for unique and ambiguous
A events, Fig. 2(b) for unique and ambiguous K'

events, and Fig. 2(c) for unique and ambiguous y
events. The distributions for the K's and A' s
should, of course, rise as L-O, while that for
y's should be flat (until L gets so big that the
limiting effect of the fiducial region becomes im-
portant). The distribution for the unique K and
A events shows a loss of events at L ~1 cm, while
that for the ambiguous K/A events and that for
the y's show losses at L& 4 cm. The nature of
the losses can be qualitatively understood since
the y's and ambiguous K/A events have small
opening angles and so are more difficult to sep-
arate from the forward cone of charged tracks
near the production vertex than are unique K's
and A' s, which tend to be slower and to have
larger opening angles. The events remaining in
each category after a minimum length cut are
given in the third column of Table III. (L,„
= 1.0 cm for K"s, unique A' s; L,„,„=4.0 cm for
ambiguous A's and all y's. )

In order to allow for loss of V"s near the pro-

TABLE III. Number of A, A, K, y events after various cuts.

Events
After

selection
After fiducial

volume cut
After length

cut

After
forward/backward

cut ' Average
weight

A

A
K'

15
186
396
675

13
172
373
624

13
157
361
572

11
139
333
558

2.36
1 56b
1.42

56.7

'For X's and A' s, we only take the backward hemisphere events. For K 's, we only retain
events up to Pg(K ) = 0.4 GeV/c. For y's, we cut all events with P~,b (p) —100 MeV/&,

Includes correction for K losses into A sample and vice versa.
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duction vertex and outside the decay fiducial
volume, each V' remaining after the above cuts
was given a weight

gg
—I/(e ~mm~ 0 e ~pot ~~a (6)

20—
l.0 cm

l 5 -, 4.0cm

p+p —A+ X

l72 Events

Q l 23 Unique

Events

{o)7

7//r/r3 e VZW 1 V3 I 8 8

35
I.Ocm

where L„„„is the minimum length appropriate to
the type o V', L„„is the potential path along the
V' direction from the production vertex to the

edge of the fiducial volume, and

Lo= —cw.= p
PE

In Eq. (I), m and v are respectively the &' mass
and lifetime and P is the measured momentum.

Weights for y's were also calculated using Eq.
(7), but with L, equal to the interaction length in
liquid hydrogen for a y of given momentum. This
length was computed using the table of cross sec-
tions given by Knasel. ' In order to check the
weighting procedure, we plotted the number of
weighted events versus the minimum length. The
results are shown in Figs. 3(a)—3(c) for the IC',

A, and y events, respectively. In the case of the
K"s, we used only unique events with center-of-
mass longitudinal momentum component PI*
& 0.2 GeV/c. For the A events, only unique events
in the backward center-of-mass hemisphere were
employed. With a correct weighting procedure,
the distributions should level off after a certain
length cut. Within errors, our minimum-length

!
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FIG. 2. (a) Length of A events from the primary
vertex. Events shown are after all ambiguities have
been resolved and after fiducial volume cuts. (b) Same
as (a) for K 's. (c) Same as (a) for p's.

FIG. 3. (a) Weighted number of unique events versus
I. for Ko's with P*&0.2 GeV/c. (b) Same as (a) for
unique A's with P*&0.0 GeU/c. (c) Same as (a) for all
p s.
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cuts of 1.0 cm for A and K' and 4.0 cm for y events
certainly support such an expectation.

VI. FORWARD-BACKWARD SYMMETRY
IN THE OVER-ALL c.m. SYSTEM

Because the initial PP system is symmetric in
the overall c.m. the distributions of V"s and y's
should also be symmetric forward and backward
in the c.m. system. However, V"s produced very
forward in the c.m. have high momenta in the lab
and so generally leave the chamber before decay-
ing. They also have small opening angles and, in
addition, may be obscured by any forward cone of
charged tracks from the production vertex, so
that the scanning and processing efficiencies for
such V 's are likely to be low. To demonstrate
these effects, we show in Figs. 4(a) and 4(b) the
weighted P~ distributions for the K' and A sample
(Pz~ is the longitudinal momentum in the c.m.
system, and can range from —10 to + 10 GeV/c
for 205-GeV/c interactions). The distribution for
K's is symmetric out to P~e= 0.4 GeV/c (cor-
responding to P„„=11 GeV/c), but there are
clearly losses at larger values of Pl*. In the rest
of the paper, we have kept only K's with Pl*.
& + 0.4 GeV/c, and we have doubled the weights
for those with P~ & —0.4 GeV/c. A's in the for-
ward hemisphere have P„, & ll GeV/c and so the
few events observed have large weights, causing
big fluctuations in the PI. distribution and making
the forward/backward comparison unreliable.
However, we have calculated how many forward
A's we would expect to see, based on the number

of backward hemisphere A's that are seen. To
do this, each backward A in the c.m. system was
reflected into the forward hemisphere and then
transformed to the lab system. We then calculated
the probability of such a A decaying within our
fiducial volume. The sum of the probability for
these A's was equivalent to 12 events. This is to
be compared with 18 possible A fits in the forward
hemisphere. However, these fits are highly
ambiguous with K"s and y's, and we estimate that
only 12 to 14 of the candidates are actually A' s.
We have, therefore, retained only the backward
A's and also doubled the weights for these events.

For y's, the conversion probability is practically
constant for P„, & 1 GeV/c. ' This means that there
should be no bias against detection of forward
hemisphere y's due to escape from the chamber,
but there could still be losses due to scanning and
processing problems. There is a further compli-
cation since for P„„&0.1 GeV/c, the y conversion
probability falls rapidly to zero and even at P„,
=0.1 GeV/c it is only about half of the asymptotic
value at high momenta. The kinematic region for
y's with P„, & 0.1 GeV/c extends from P~~ = -2.1

GeV/c to Psv =+0.005 GeV/c and out to a transverse
momentum P of 0.1 GeV/c at its maximum. This
region is shown on the Peyrou plot for the y's
(P~ versus P~~) given in Fig. 5, and there is a
clear depletion of detected events compared to
the corresponding symmetric region in the for-
ward hemisphere. The weighted number of events
in the P,,„&0.1 GeV/c regions is 1708+ 460 (14
+ 4 detected events) compared with 2744+ 410 for
the 45+ 7 events lying in the reflected region. To

60— I I I

p+p —(Ko/K') +X

576.2 Weighted Events

gg 361 Events

I I

p+p —A& X

338.4 Weighted

Events

gg 157 Events

c= 40—
LLI

(o)
c 30—

LIJ
(b)

30—

20—

IO—
IO—

1
I

- 6.0 -4.0 -2.0 0.0
P (GeV/c)

2.0

0
- I0.0 —5.0 00

P (GeY/c)

5.0

FIG. 4. (a) Histogram of P~ for Ko events after I . and fiducial volume cuts. (b) Same as (a) for A' s.
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FIG. 5. Peyrou plot (Pj vs P*) for p events. The
curve for P =100 MeV/c is shown in the backward hem-
isphere together with its reflection in the forward hemi-
sphere.

FIG. 6. Distribution of cos6) * for all selected y events.
Events with Pm~ & 100 MeV/c as well as those that fall
under the reflected P~. =100 MeV/c curve have been
removed.

check for possible losses of forward hemisphere
y's, events in both of these regions have been
excluded and a plot made (Fig. 6) of the distribu-
tion in cosa*, where 6)* is the c.m. production
angle with respect to the incident protons. There
is clearly a loss of forward events for cos8*
&0.70. This corresponds to 45'in the c.m. sys-
tem, about 5' in the lab. It is our assumption that
these very-forward events are not detected during
the scanning stage. The reason is mainly because
of the prongs from the primary vertex all lying
along the beam direction in a very narrow cone.

The y events are therefore corrected in two
steps. Vfe first remove all events under the P, .„
& 0.1 GeV/c curve and with P~~ ~ 0.0, and then
multiply the weights of the events lying under the
reflected curve by 2.0. The second correction
then involves the cos61*; i.e., we multiply the
weight of events in three bins from cos6)*=0.7 to
1.0 by the ratio of the weighted event number in
the backward to forward bin.

The number of events after all these cuts is
given in column 4 of Table III. Column 5 of Table
III lists the average weight for the retained events
without any symmetry correction. Note, in par-
ticular, that the average y weight is quite large,
which is due to the small size of the chamber
compared to the y conversion length in hydrogen.

VII. TOTAL CROSS SECTIONS

Using the selected number of weighted events
and correcting for forward/backward losses, we

obtain the cross sections. However, several ad-
ditional corrections must be made. First of all,
the unmeasured events (Table I) were added to
the appropriate channels in the appropriate topol-
ogy. Furthermore, scanning efficiencies were
folded into weighted event numbers. In addition,
Fig. 1(b) indicates that -7 events are missing in
the K0 sample (i.e., around P~ -0.1 GeV/c).
Hence, we assumed that with the previously pre-
scribed selections, seven ambiguous events
actually belonging to the K' sample were put into
the A sample. Ne therefore subtract an appro-
priate fraction from the A events and add an ap-
propriate fraction to the K' sample. In addition,
the A events were corrected for the unseen A
—nm' decay mode. ' For the K', we corrected for
unseen K~ -m'n' decays' as well as for missed
K~"s.

The final cross section values so obtained are

o(p+ p-A+X) =3.33~ 0.33 mb,

o'(p + p- (K /K ) + X) = 11.58+ 0.80 mb,

&r( p + p - y + X) = 214.6 + 13.7 mb,

v(P+ P-A + X) =0.40',",', mb.

These values are in good agreement with our
earlier data. " Under the assumption that all y's
originate from n'- yy decays, we then also have

c(P + P - w'+ X) = 107.3+ 6.8 mb .

The A and K' cross sections are presented in
Figs. 7(a) and 7(b), together with the results from
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FIG. 7. (a) Total inclusive A cross section as a function of P&,b. (b) Same as {a) for E .

existing world data. ' " From the figures, it is
evident that both the inclusive A as well as the
inclusive E' cross sections have slowed their
rapid increase with increasing momentum in the
region of 70-100 GeV/c. A compilation' "of the
existing n' inclusive cross sections is shown in
Fig. 8. The straight line represents an eyeball
fit to the predicted m' cross section found using
the charged-particle data from the compilation of
Antinucci et al."and the relationship o(it' )
=-', [o(w') + o(v )]. Evidently, both the measured
and the estimated n' cross sections rise linearly

in lns up to 400 GeV' with the same dependence.
In fig. 9(a) we present the yy mass spectrum of

the 2y events originating from the same primary
vertex. No q signal is apparent. Furthermore,
by estimating (5a 3) wc events between 80&M(yy)
& 160 MeV/c', we obtain a(it') = 80+ 50 mb, in
agreement with the m' cross section obtained from
the single y events.

The invariant mass of the Ay events is shown
in Fig. 9(b) for those events which have an as-
sociated A and y. In the Z' mass region, one can
estimate 3+ 2 events, corresponding to o'(& )

200 l t f I I I

I60—

E
l20—

80—
b

IO

I

IO

s (GeV )

I

IO

I I I

IO

FIG. 8. Total inclusive & cross section as a function of s, the c.m. energy squared. The curve represents an eyeball
fit to o(w ) =-,'[o(n+) + o(w )] data compiled in Ref. 15.
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FIG. 9. (a) Invariant mass distribution M(yy) for 2p events. (b) Invariant mass distribution M(Ay) for A plus y events.
(c) Invariant mass distribution M(KRAK&) for 2K& events.

=—3.32+ 2.22 mb. For completeness, the mass
spectrum of M(KO~Koz) is presented in Fig. 9(c).
Clearly no resonance information is evident.

VIII. TOPOLOGICAL CROSS SECTIONS AND

MULTIPLICITIES OF THE INCLUSIVE
~0, Ko, A EVENTS

The inclusive topological cross sections for
p + p- (y, K', A) + X production are listed in Table
IV. Assuming once again that most of the y's
are from vo decays, we then have o„(m ) = qo„(z),

where n stands for the number of charged prongs
at the primary vertex. The data is plotted in
Figs. 10—10(c) for the A, K', and w' channels,
respectively. In all three cases, our values are
compared with those from the 12.4- and 69.0-
GeV/c experiments. '"

By use of the topological cross sections, we
are now able to calculate the average number of
(vo), (K'), and (A) per inelastic collision:

TABLE IV. Inclusive topological cross sections forp +p (A, K, y, m ) +X.

A events

Raw No. o'(pp A +X)
Topology of events (mb)

K events

Raw No. o (pp K0/F0+X)
of events (mb)

Raw No.
of events

y events

cr(pp -y, X)
(mb)

o (pp —~'+X)
(mb)

2

4
6
8

10
12
14
16
18
20
22
24
26

Total

25
42
21
23
10

0.193+0.077
0.477+ 0.098
0.892 + 0.145
0.422 + 0.096
0.732 + 0.166
0.307 + 0.090
0.115+0.063
0.041 + 0.027
0.145+ 0.073

3.33+ 0.33

10
44
77
60
68
37
14
12

8

0.346 + 0.106
1.53+ 0.25
2.67 + 0.30
2, 11+0.29
2.31+ 0.29
1.28 + 0.21

0.451 + 0.122
0.506+ 0.139
0.279 + 0.098

0.045+ 0.045
0.050 + 0.036

11.58 + 0.80

17
57

105
108
118

70
44
23

8
3
3

558

7.05 + 2.02
21.6+ 3.2
43.5+ 5.1
38.4+ 4.5
45.8 + 4.7
24.8+ 3.3
17.7 + 2.9
10.3+ 2.2
2.35+ 0.85

0.781+ 0.470
0.940+ 0.629

1.47+ 1.18

214.6+ 13.7

3.53+ 1.01
10.8 + 1.59
21.8+ 2.6
19.2+ 2.3
22.9+ 2.4
12.4+ 1.7
8.83+ 1.47
5.17+ 1.09
1.18+0.43

0.390 + 0.232
0.470 + 0.315

0.735+ 0.590

107.3+ 6.8
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where V' stands for m', IP, or A. The inelastic
topological PP cross sections for this experiment
are given in Table V, "together with the average
values.

Figure ll(a) shows our values for the inclusive
A' s. Because of the limited statistics, no con-
clusion as to the shape of this distribution can be
drawn at this time. In fact, the data are consis-
tent with being flat.

The (K'/Ko) values are shown in Fig. 11(b). In
this case, a linear rise is evident up to n,,„=10.
The broken line in the figure corresponds to a fit
for (K /Ko) = u + P n,„, with u =0.05
+0.05 and P=0.046+0.008." In addition, it should
be noted that the shape of the distribution up to
n,.„=14agrees with the critical-point theory as
presented by Thomas. "

The linear rise of ( v') versus n,„ is apparent
for events with 2 to 16 prongs as shown in Fig.
11(c). The broken curve represents a linear fit
with e =0.61+0.32 and slope P =0.35+0.05." The
solid line on the graph represents a prediction
of the critical-point model" which appears to
agree quite well with the experiment. Using this
model, one can also estimate the number of seen
2y events using our overall single-y detection
efficiency of 0.01245. The model predicts 30 two-
y events compared to 27 found, which once again
is in good agreement.

Finally, it is amusing to note that Fig. 11 gives
a hint of an odd-even effect in (v') versus n

with the correlation larger when there is an even
number of m . Arneodo and Kubar-Andre" have
given an example of a theoretical model which
produces odd-even correlation effects between

m' and n . Their model allows for production of

p mesons in paris which increase the likelihood
of observing a m' when there is an odd number of
m present. Apparently, their model is then just
out of phase with the possible trend hinted at in
Fig. 11.

IX. DIFFERENTIAL CROSS SECTIONS

In order to discuss the energy dependence of
the A, K, and m inclusive spectra, we use the
invariant cross section

2E* d' cr
&(x, P„s)= (8)

with E*being the energy of the particle in the
overall c.m. system, P~ being the transverse mo-
mentum of the particle, s being the square of the
total center-of-mass energy, x being the Feyn-
man variable defined as x = 2P~~/v s, and PL* being
the longitudinal momentum of the particle in the
overall c.m. system. Because of the limited
statistics involved in this experiment, we have
folded the forward and backward events with re-
spect to x = 0 and added the distributions. Figures
12(a)—12(c) display the differential cross sections
d&/dl xI for the inclusive A, Ko, and y data. In
all three cases, the data are compared with those
obtained at 12.4 GeV/c. We note in Fig. 12(a)
that the increase in total cross section from
1.0V to 3.33 mb is due to increased A production
throughout the I xI region up to 0.8. This can be
contrasted to Fig. 12(b), which shows that the

TABLE V. Average number of A, K, and 7( per in..lastic collision.

Topol. ogy

2

4
6
8

10
12
14
16
18
20
22
24
26

Total

2.85+ 0.26
5.91+0.28
6.89 + 0.32
5.73+ 0.28
4.56+ 0.24
3.23 + 0.18
1.58+ 0.11

0.846+ 0.075
0.335+ 0.044
0.121+0.025
0.053+ 0.016
0.012 + 0.008
0.004 + 0.004

32.1 + 1.1

, 0.068 + 0.028
0.081 + 0.017
0.130+ 0.022
0.074+ 0.017
0.161+ 0.037
0.095 + 0.028
0.098 + 0.054
0.049+ 0.033
0.432 + 0.225

0.103+ 0.011

0,121+0.039
0,259+ 0.044
0.388 + 0.047
0.368+ 0.054
0.507 + 0.069
0.396 + 0.069
0.285+ 0.080
0.598+ 0.173
0.833+ 0.312

0.849 + 0.849
4.17+ 4.09

0.361+ 0.028

1.24+ 0.37
1.83 + 0.28
3.16+0.40
3.35 + 0.43
5.02+ 0 ~ 58
3.84 + 0.56
5.59+ 1.01
6.11+ 1.40
3.52 + 1.36
3.23+ 2.03
8.87+ 6.52

17.8+ 17.8

3.34 ~ 0.24
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increase in the total cross section from 1.37 to
11.58 mb is primarily due to Ko production in the
central region ~

x
~

~ 0.4.
The data for the inclusive y production [Fig.

12(c)] looks quite different from the E' and A

samples. Once again, as in the K' case, the in-
crease of the total inclusive cross section from
61.1 mb at 12.4 GeV/c to 214.6 mb at 205 GeV/c
is primarily due to y production throughout the

~ x~ region (0.0- 0.4). The solid line in Fig. 12(c)
represents data from the m and n' events from
this experiment. Explicitly, it is the sum of
& [do/d I x I (w - yy ) + do/d ) x (

(w' - yy )] . In order
to obtain this curve, we have taken measured
positive and negative tracks and removed the bulk
of protons. The remaining tracks were then
assumed to be m" s or w 's and were allowed to
decay into yy via a Monte Carlo technique. The
resulting y distributions were normalized to the
total inclusive m' and n cross sections. The
goodness of fit of the curve in Fig. 12(c) to the
data is a measure of how well the relationship
do/Cx(w') = —,

' [do/dx(w') + do/dx(w )] (and simple
kinematics) describes the data. The agreement
is seen to be excellent. "

By integrating Eq. (8) over P~', we obtain

2E* d'v

O.I8—

O.I4—

O.IO —..

0.06—

0.02—

0.7—
()

Im 0.5—
) ~j

0.5—

O. l
—~

8.0—

6.0—
V

4.0—

2.0

If Feynman scaling exists, then this function will
become independent of s. In Figs. 13(a)-13(c)
we show this function versus ~x~ for this exper-
iment and for data from the 12.4- (Ref. 8) and
69.0- (Ref. 11) GeV/c experiments. All the A,
K', and y data indicate that within the experiment-
al errors, scaling has set in below 69 GeV/c.

The differential cross sections der/dP~' for in-
clusive A, K', y production are shown in Figs.
14(a)-14(c), respectively. In all three cases, a
comparison with the data at 12.4 GeV/c (Ref. 8)
is presented. The distributions for K and y look
very similar at the two energies 12.4 and 205 and
GeV/c. The A data [Fig. 14(a)] at 205 GeV/c
shows evidence for a break-in slope at P~'= 0.3
(GeV/c)'. The curve in Fig. 14(c) represents
data from the w' and n tracks as outlined above.
Once again, the agreement between the measured
do/dP~'(y) and the curve is excellent, suggesting
once again that do/dP~'(wo) = —,[do'/dP~ (w+)

+ do/dP~'(w }] throughout the P~' range at this
energy. Hence, we have now shown that at this
energy not only o(w') = —,

" [c(w') + c(w }]holds (see
Fig. 8}, but also that the differential cross section
agrees with this relationship.

The rapidity distributions in the over-all c.m.
system are presented in Fig. 15(a) for A and ECo

2 6 IO I4 I 8 22 26
"ch

and in Fig. 15(b}for y production. The rapidity
y* is defined by

EC+ Q4
3 2 Eg L

(10)

with all asterisked quantities referring to the
c.m. system. The K' distribution shows a dip in
the central region near y*=0, whereas the A

spectrum indicates larger cross section around
~
y~( =2.0. The y data is compared with that from

the 12.4-GeV/c experiment' and indicates an
increase of the central plateau from 1.5 to 3.0
units of rapidity.

FIG. 11. (a) Average values (A) as a function of top-
ology. (b} Same as (a} for (K /K ). The straight line
corresponds to a linear fit of slope 0.046+ 0.008 for
values at 2 to 10 prongs. (c} Same as (a} for (w$. The
solid curve represents a prediction of the critical-point
model. The broken line corresponds to a linear fit of
slope 0.35+ 0.05 for values at 2 to 16 prongs.
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FIG. 12. (a) Differential cross sections do/d)x) for inclusive A events. The data has been folded about x =0 and
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~ fdo/d(x) (x+ —yy) +do/d(x( (m —pp)f in which the charged 7t's were allowed to decay by a Monte Carlo technique into two
y's (see text for further details).
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X. ASSOCIATED CHARGED MULTIPLICITIES

Results of the calculations for the charged
multiplicities associated with the production of
y, K, or A as a function of the corresponding
IxI are presented in Fig. 16. The A [Fig. 16(a)]
and K' [Fig. 16(b)] data are compared with those
results from the 12.4-(Ref. 8) and 19-GeV/c-(Ref.
22) experiments. In both cases, a decrease of
(n,„)with increasing IxI is evident at all ener-
gies. Furthermore, the graphs clearly indicate
the over-all increase of (n+) with increasing en-
ergy. The inclusive y data is presented in Fig.
16(c}together with v points from the 19-GeV/c
experiment. " Once again a slow falloff of (n,„)
with increasing IxI is evident. When plotted as a
function of P„ the values of the associated
charged multiplicities for K' and y tend to stay
constant. In the case of A production at 205
GeV/c, the associated charged multiplicities may
be slowly increasing with P~. This is demon-
strated in Figs. 17(a)-17(c)for the A, K', y data,
respectively. The A and K' data once again are
compared with data at 12.4 (Ref 8) and 19 (Ref. 22)
GeV/c and they show an increase of (n,„) with

energy throughout the P~ range. The y data
[Fig. 17(c)] are compared with the v points ob-
tained from the 19-GeV/c experiment. " It should
also be noted that for this experiment, the asso-
ciated charged multiplicities for y, Ko, A produc-
tion indicate common Ix( dependence in the over-

lapping regions. The same appears to be true in
terms of P~ for K' and y events, but not for the
A' s.

The missing mass recoiling off the y, K' or A

of reactions (1), (2), and (3) are graphed in dif-
ferential form in Fig. 18(a). Besides the different
thresholds associated with these reactions, we
observe smooth distributions for the y, K', and
A events. Results of the calculations of the asso-
ciated charged multiplicities as a function of
(MM)' are presented in Fig. 18(b). Once again,
the values indicate common (MM}' dependence in
the overlapping regions.

Xl. AVERAGE VALUES AND f,o

Average values were determined for P~, P~',
I Po*I, and PL*' for the y, K, and A events. The
results are listed in Table VI. By use of (P~')~o

= 3(P~ ')& —~M„o',"we are also able to determine
some values for m' assuming that all y's originated
from vo decays. By comparing the (P, ) values
with those obtained at 12.4 GeV/c, ' namely (P~)~
=0.467m 0.013, (P~)~o = 0.415m 0.016, (P~)), =0.155
+ 0.012, we observe that (P~) has not changed be-
tween 12.4 and 205 GeV/c for A and K' produc-
tion. In the case of y's, {P~) increases by 30Vo

from 0.155 to 0.199.
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FIG. 16. {a) Associated charged multiplicities as a
function of IxI for inclusive A events at 12.4, 19.0, and
205 GeV/c. (b) Same as (a) for K /Ko events. {c) Same
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FIG. 17. (a) Associated charged multiplicities as a
function of P~ for inclusive A events at 12.4, 19.0, and
205 GeV/c. {b) Same as (a) for K /Ko. (c) Same as (a)
for ~ at 19.0 GeV/c and y at 205 GeV/c.

The Mueller correlation parameter for m'm'

production can be determined from

f,"=(n,(n, —1)) -(n, )',

where n stands for the number of y's. Unfortunate-
ly, this experiment has limited statistics. Never-
theless, f,"was determined as -(0.2+ 2.9) using
the 506 single- and 26 double-y events.

where n, is the number of m" s produced. Assum-
ing once again that most y's originate from w'

decays, this expression can be rewritten as

f =-,' [(n(n —1)) —(n)'] ——,'(n),

XII. MOMENTUM TRANSFER DISTRIBUTION
AND POLARIZATION OF THE A

A. Momentum transfer distributions

The momentum transfer distribution I I —t,„I
= t' between the A and proton is plotted in Fig.
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TABLE VI. Average values for y, &, K, A events.

9' ) (GeV/c) (YP ) t (GeV/c)'l (lPgl) (GeV/c)

'y

pro

K'&'
A

0.199+ 0.008
~ ~

0.412+ 0.014
0.504+ 0.026

0.078 + 0.001
0.224 + 0.003
0.234 + 0,019
0.345+ 0.033

0.317+ 0.021
0.634+ 0.042
1.07 + 0.05
3.84+ 0.19 '

0.345+ 0.061
1.03 ~ 0.18
1.98+ 0.23'
19.6+ 1.5

~Only events from the backward hemisphere were employed.

19(a). A very sharp break is evident at I
f'I =1.5

(GeV/c)'. The differential distribution was fitted
with an exponential of the form

do' ~ glypt I

This fit yielded

A = 3.76~ 0.95 mb/(GeV/c)',

B =-(1.60+0.28) (GeV/c) '

for 0.0- It'I& 1.5 (GeV/c)', and

A = 0.40+ 0.18 mb/(GeV/c)',

B=-(0.20+ 0.08) (GeV/c) '

for 1.5(
I
t'I(10.0 (GeV/c)2. By comparing the

fits with those obtained at 12.4 GeV/c, ' we not
only find identical slopes for small

I
f'I, but also

the occurrence of the break in the distribution at
the same I

f'I value. The slopes for higher values
of I

t'I differ by a factor of 3.5 between the two
energies.

Distributions for the K' events are presented in
Fig. 19(b). Once again, a break is evident at this
energy. By fitting the data with the above ex-
ponential dependence, we obtained

A = 6.86+ 1.83 mb/(GeV/c)',

B = -(1.61+ 0.76) (GeV/c) '

I o.0
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FIG. 19. (a) Momentum transfer distribution for inclusive A events at 12.4 and 205 GeV jc. (b) Same as (a) for
K /Ko.
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for 0.0 &
J
f'j& 0.5 (GeV/c)' and

A = 3.18+ 1.63 mb/(GeV/c)',

J3 = -(0.25 + 0.07) (GeV/c) '

for 0.5&
I
t'I& 4.5 (GeV/c)'. By comparison, the

data from the 12.4-GeV/c experiment' indicates
only one slope [Fig. 19(b)]. However, the latter
data lack sufficient statistics as is evident from
the I

f'
I range of the first bin, which, for the

205-GeV/c K"s, is divided into three.
By comparing the A and K' slopes from the 205-

GeV/c data only, we find them to be almost iden-
tical. The only difference appears to be the loca-
tion of the break, located at I

f'
I
= 0.5 (GeV/c)' for

K"s versus 1.5 (GeV/c)' for A' s.

I I I I I I I

2.0—

IO

h4
0.0

a -I 0

-2.0—
I

0.0 O. I

I I I I I I I

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Ix I

FIG. 20. Polarization of A events as a function of JxJ.

8. Polarization of the A

By use of W(cose) =-,'(1+ o.P cos8), we have cal-
culated the A polarization where P = polarization
and n =0.647.' Defining n =normal to the produc-
tion plane,

s =Ps xA/JPs x AJ,

with P&, and A being the beam proton and A labor-
atory momenta, respectively, we calculated cos6
=n P, with P =momentum of the proton from the
A decay in the A rest frame. Using the above
distribution function, we obtain

3P = —(cos&&
Q

= -(0.25+ 0.26)

for all events. In Fig. 20, we have plotted the
polarization as a function of I xJ . It is clear that
the total value as well as all values in Fig. 20 are
consistent with zero.

XIII. CONCLUSION

We have presented experimental results on in-
clusive y, v', Ko/K, and A production in PP inter-
actions at 205 GeV/c. The main results are the
following:

(a) The average numbers of v' agree well with
the critical-point model when plotted as a function
of topology. The same holds true for the average
number of K'/K'. In both cases, the data is also
consistent with a linear relationship. For ( v')

the slope is 0.35+ 0.05 from 2 to 16 prongs,
whereas for (K'/K') the slope is 0.046+ 0.008
from 2 to 10 prongs.

(b) Comparison of the measured y distributions
with Monte Carlo generated m - yy and n'- yy
distributions indicate that do/dP (v')
= a [do/dP„(v')+ der/dP„(v )] for all values of P„
(P„=Pz or P~) Invaria. nt cross sections for y, K',
and A production indicate that scaling has set in
below 69 GeV/c.

(c) The rapidity distributions in the over-all c.m.
system indicate a plateau with a full width of 3.0
units for y events. A dip is observed in the central
region for K' production.

(d) The charged multiplicities associated with y
and K' production tend to stay constant when plotted
as a function of P~. In the case of A production,
these values appear to be slowly increasing with

J. '

(e) The differential cross sections do'/df' in-
dicate a break at t' = l.5 and 0.5 (GeV/c)z for A and
K' production, respectively.

(f) Values for A polarization as a function of x
are all consistent with zero.
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