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The folded differential cross sections da. /dQ(0*)+der/dA(m —0*), where 0* is the center-of-
mass angle of the negatively charged outgoing particle, have been measured for the reactions
pp~m n. + and K K+ at 15 incident beam momenta between 360 and 760 MeV/c with much
better statistics than previous experiments. The total cross sections for these reactions, 0. + and

0. +, have also been obtained by integrating the folded differential cross sections. The folded
K K

differential cross sections of both reactions show a similar behavior at all measured beam momenta,
characterized by a prominent peak at ~cos6*~ =1. The cross section cr, shows a smooth but

tT Tl

rapidly decreasing behavior as the beam momentum increases up to 550 MeV/c, whereas 0.

shows a smooth and flat momentum dependence. These results are compared with some theoretical
calculations based on nonrelativistic quark models. Although the shape of the folded differential
cross section of the pp~m ~ reaction is rather well reproduced by these models, that of the
pp~K K reaction, and, in particular, the prominent peak at ~cos9*~ =1 cannot be explained at
all. The information from other experiments indicates that this discrepancy is most pronounced at
the backward angles. Moreover, the momentum dependence of both 0. and cr is not sat-

li

isfactorily reproduced by these models.

I. INTRODUCTION

Hadrons are composed of quarks. In low-energy had-
ron reactions, however, it is difticult to analyze the
dynamical aspects of the reaction mechanism in terms of
the basic constituent interactions because many quarks
and gluons are involved in the reaction. Among many
hadron reactions, the pp annihilation is considered to be a
good probe to study the complex feature of constituent
interactions at low energies. Recently, a number of
theoretical analyses for specific pp annihilation channels
have been carried out based on nonrelativistic quark
models. ' ' For example, pp annihilation at rest into
multipions has been analyzed in terms of the quark-
rearrangement model. ' ' Also, pp annihilation into
two-meson final states has been analyzed in terms of the
quark-antiquark-annihilation model and the quark-
rearrangement model. '

Among the pp annihilation reactions, those into the
two-meson final states have the following outstanding
features which make explicit model calculations feasible:
(i) the quantum numbers of these channels are strongly
restricted by the selection rules; (ii) only two types of the
quark-line diagrams, the rearrangement process [R pro-
cess, Fig. 1(a)] and the annihilation process [3 process,
Fig. 1(b)], contribute.

Among various two-meson final states, the pp ~~
and K K+ reactions are particularly important, since in
these channels precise measurements of the angular dis-
tributions for annihilation in flight are possible and these
distributions provide important information for quantita-
tive understanding of the quark dynamics. ' In particu-
lar, the pp ~K K reaction is possible only through the
3 process. Therefore detailed comparisons of both cross
sections and the angular distributions between the
pp ~~ ~+ and pp ~K K + reactions offer possibilities
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FIG. 1. (a) Diagram for the quark-rearrangement process (R
process). (b) Diagram for the quark-annihilation process (2
process). (c) Diagram proposed by Ellis, Gabathuler, and Kar-
liner, which contributes to the pp~K K backward peak via

nonvalence ss quarks.

uent level, there was another motivation in this experi-
ment, i.e., the search for meson resonances formed by the

pp system in the mass range between 1910 and 2000
MeV/c, or particularly in the S-resonance region
( —1936 MeV/c ). The latter results have already been
published elsewhere. In this paper we present the full
description of the experiment and the detailed results and
discussion on the angular distribution data of the

pp ~~ sr+ and K K+ reactions.

II. EXPERIMENT

A. Experimental arrangement

to study both the quark-rearrangement and the quark-
annihilation mechanisms quantitatively.

Some issues in the recent theoretical analyses ' ' for
these channels are the following. (i) Which quark dia-
gram is the dominant process? (ii) Which vertex, PD

(vacuum quantum number) or S, (gluon quantum num-

ber), is important for the qq annihilation or creation? (iii)
Below —1 GeV/c, a backward peak exists in the

pp ~K K reaction which is difficult to explain by non-
relativistic quark models with only the A process. '

An interesting possibility has been recently put for-
ward regarding this last issue. The recent deep-inelastic
polarized muon-proton scattering experiment by the Eu-
ropean Muon Collaboration' (EMC) indicated that the
proton spin cannot be completely given by the helicity of
constituent quarks. This experimental result as well as
various theoretical arguments suggests that baryons con-
tain a significant amount of ss pairs. ' Ellis, Gabathuler,
and Karliner' argue that this explains the backward
peak in the reaction pp~K E+ at around 500 MeV/c,
via the diagram shown in Fig. 1(c).

In order to resolve these questions, precise data on the
momentum dependence of the cross sections and the an-
gular distributions for both pp ~m. m. and K K+ reac-
tions are needed. However, high-statistics data for these
reactions are available only at beam momenta above —1

GeV/c (Refs. 17 and 18). Below —1 GeV/c, there are
limited experimental data. ' In particular, below 0.7
GeV/c, only two bubble-chamber experiments with low
statistics' ' ' and one counter experiment with rather
wide beam-momentum steps ( —100 MeV/c) (Ref. 22)
have measured both pp~m m+ and K K+ reactions.
An experiment at CERN's Low Energy Antiproton
Ring (LEAR) has also measured pp~m sr+ cross sec-
tions between 158 and 275 MeV/c. Although Tanimori
et al. presented the angular-distribution data with rela-
tively good statistics, the quality of their data, in particu-
lar, for the pp~K K+ reaction is not quite satisfactory
for detailed theoretical analyses.

In view of the above situation we have measured the
folded differential cross section d cr /d 0(0* ) +d o' /
dQ(rr 0*) and the integrated to—tal cross section for the
reactions pp~m. m and K K+ at 15 incident beam
momenta between 360 and 760 MeV/c, where t9* is the
center-of-mass angle of the negatively charged outgoing
particle. In addition to the investigation of the reaction
mechanism of the pp annihilation processes at the constit-

Since our prime purpose was to measure the cross sec-
tions for the reactions pp~~ ~+ and K K+ as precise-
ly as possible, the present experiment was designed to
have the following features: (i) high selection efficiency
for the m. m+ and K E+ events; (ii) large and smooth
acceptance (about —,

' of 4~ sr). For this purpose no spec-
trometer magnet was used because the m. m+ and K K +

events can be identified by using only the angular infor-
mation between the incident p and the outgoing particles
as described below. A definite advantage of the absence
of magnetic field is that good angular and spatial resolu-
tions for the charged-particle tracks can be obtained easi-

ly, which enables one to distinguish both vr m+ and
K K+ events clearly from huge amounts of the back-
ground events, and to reduce the systematic errors
significantly. Another advantage is that a large and
smooth acceptance can be obtained, which is also very
important in reducing both systematic and statistical
errors. However, since the charge of the outgoing
particles cannot be determined with this method, we have
obtained only the folded differential cross section
(do/dQ)(0*)+(da/dA)(n —8*). A plan view of the
experimental arrangement is shown in Fig. 2.

The antiproton beam was provided by the K4 beam
channel at the KEK 12-GeV Proton Synchrotron. The
K4 has a double-stage electrostatic separator and trans-
ports high-quality antiproton beams in the momentum
range between 400 and 800 MeV/c (Ref. 25). The beam
intensity per 10' primary protons of 12 GeV impinging
on a 60-mm-long platinum target was about 1000 an-
tiprotons at 700 MeV/c, and decreased to about 40 an-
tiprotons at 400 MeV/c. The momentum bite of the
beam was +3.0%. At the final focus, the beam size (rms)
was typically 14 mm in the horizontal and 10 mm in the
vertical directions. The p/m ratio was typically
above 480 MeV/c, but decreased to about —,', at 400
Me V/c.

The liquid-hydrogen target was 20 cm long and 8 cm in
diameter. The target flask was made of 150-pm-thick
stainless-steel cylinder with 350-pm-thick spherically
shaped Mylar caps at both ends. The target was placed
at the center of a 28-cm-diameter vacuum chamber hav-

ing 250-pm-thick large Mylar windows. The density of
liquid hydrogen was monitored by measuring its vapor
pressure. It was 1.05+0.05 atm, and the corresponding
density was 0.0706+0.0002 g/cm .

Five trigger scintillation counters C1 —C5 were placed
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FIG. 2. Plan view of the experimental apparatus. C2-C5,
trigger counters; BC1—BC3, multiwire proportional chambers
of bidimensional readout; CDC, five-layer cylindrical drift
chamber; SDL, SDF, and SDR, semicylindrical drift chambers
with cathode readout; TC1 —TC62, trigger-counter hodoscopes.
The counter C1 (located about 5 m upstream of C2) and the
shower counters (gamma counters) are not shown.

along the beam line in order to identify the antiproton
beam. The counters C2 and C3 were viewed by two pho-
tomultiplier tubes from both ends to obtain good time
resolutions. The circular counter C4 with a 7-cm diame-
ter was located just upstream of the liquid-hydrogen tar-
get, and defined the beam spot well inside the target
volume. The antiproton beam was identified at the
trigger level by using timing and pulse-height information
from the counters Cl —C4. Noninteracting antiprotons
were vetoed by the circular counter C5 with a 12-cm di-
ameter. In the off-line analysis, the residual pion contam-
ination was checked by inspecting the time-of-flight be-
tween and the pulse heights of C2 and C3, and negligible
contamination (less than 0.02%%uo) was found.

Two sets of shower counters called "gamma counters'"
(not shown in Fig. 2) were placed about 40 cm above and
below the liquid-hydrogen target. Each set consisted of
eight shower counter modules of lead-scintillator
sandwich structure. These counters were used to veto y
rays from ~ decay as well as charged particles produced
in multipion annihilation reactions.

A multilayer cyhndrical drift chamber (CDC), placed
just outside the target vacuum chamber, was used as a
main tracking detector. It was described in detail in Ref.
26. The CDC consisted of five concentric layers with ra-
dii ranging from 22 to 39.6 cm. The height of the active
area was 30 cm. Each layer had two dift'erent types of
drift cells: small cells with a drift length of 17.28 mm and
large cells with that of 34.56 mm. There were a total of

96 small cells and 232 large cells. Since all the wires were
strung in parallel, the CDC provided the coordinates of
hit positions projected onto the horizontal plane. The
trajectory of the beam antiproton was measured by three
sets of multiwire proportional chambers of bidimensional
readout, BC1—BC3, and the CDC.

Outside of the CDC were placed three semicylindrical
drift chambers (SDC's), SDR, SDF, and SDL, with
cathode strips running orthogonal to the sense wires.
They provided horizontal and vertical coordinates of the
hit positions of the outgoing particles. The chambers
SDR and SDL had an identical structure with a radius of
curvature of 65 cm, while SDF had a little larger radius
of curvature (75 cm) in order to have an overlap region
with SDR and SDL. Three SDC's as well as the CDC
were placed concentrically. The unit cell of all the SDC's
subtended the same azimuthal angle of 2.64' with respect
to the concentric center. Each SDC covered an azimu-
thal angle of 121.44' with 46 drift cells, and had a height
of 46 cm with 45 horizontal cathode strips each 8 mm
wide and 2 mm apart. Further details of the SDC's are
given in Ref. 27.

A trigger-counter hodoscope, consisting of 62 scintilla-
tion counters, surrounded the target and the other detec-
tors to provide a trigger signal for an event having more
than two final-state charged particles. The heights of
scintillators were 100 cm for the backward 10 counters,
120 cm for the middle 30 counters, and 150 cm for the
forward 22 counters. The width and the thickness were,
respectively, 20 and 3 cm for all the counters. Each
counter was viewed by two photomultiplier tubes
(PMT's). The time difference between the top and the
bottom PMT pulses provided the vertical coordinate of a
hit particle with a rms resolution of about 6 cm.

B. Trigger

The trigger logic is schematically shown in Fig. 3. For
the trigger condition (master trigger), the basic require-
ments were the existence of an incident antiproton and
two or more outgoing charged particles, and no hit in the
gamma counters.

The incident antiproton was identified by the coin-
cidence C1 C2.C3 C4 with delays and attenuators adjust-
ed to the antiproton. This coincidence was vetoed by in-
hibit signals due to the data-acquisition dead time and
the discharge of electrostatic separators. It is called gat-
ed p and simply represented by C1.C2-C3-C4 hereafter.
The number of the gated p signal provided the beam nor-
malization. In order to veto noninteracting antiprotons,
(Cl C2 C3 C4) C5 was formed. This provided the start
signal for time-to-digital converters (TDC's) and the gate
signal for coincidence registers (CR's). When this signal
was generated but the master-trigger condition was not
satisfied, the TDC's and the CR's were fast-cleared
within 2 ps.

The master trigger was defined by
(Cl.C2 C3.C4) C5 G T. The logic signal G was defined
as the logical oR of 16 y-counter modules. The logic sig-
nal T was constructed as follows. The outputs of the two
PMT*s of each element of the trigger-counter hodoscopes
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the pions) for checking the detector response to min-
imum-ionizing particles.

The data acquisition was controlled by a PDP-11/73
computer and a system of encoder and buffer-memory
modules developed at KEK (Ref. 28). Digitized data
from CAMAC modules were encoded and compressed by
an encoder module. The encoded data were transferred
to a buffer-memory module installed in a main CAMAC
crate. The computer had access only to the main crate
in which the bu6'er-memory modules and some other
CAMAC modules for trigger decision were installed.
The data size was about 120 words per event, and the
present data-acquisition system was able to record about
30 events per beam spill. The dead time was about 5%%uo at
the lowest beam momentum and about 30% at the
highest.

The on-line analysis was executed for sampled events
for the purpose of monitoring the performance of the
detectors and electronics. At the same time, the off-line
analysis for checking the recorded data was carried out
with the KEK central computer HITAC M280H.

were fed to a coincidence circuit via discriminators. The
coincidence signal from each trigger counter was then
connected to a logic OR circuit. The trigger-counter
hodoscopes were divided into seven groups, and the logi-
cal OR was constructed for each of these groups. The
outputs of seven groups of logical OR circuits were then
sent to a multiplicity logic unit (MLU). The logic signal
T, i.e., the output of the MLU, was generated when two
or more inputs out of seven were active. Each group of
counters subtended an angle less than 90' with respect to
the target center so as not to cause a trigger bias for both
the pp~a. m+ and K K+ events, which have an open-
ing angle larger than 135' and 130', respectively. Once
the master trigger was generated, the trigger logic was
disabled by inhibiting the gated p during the data acquisi-
tion, until a reset signal was issued by the CPU.

C. Experimental procedure

The measurement has been performed in the beam
momentum region between 360 and 760 MeV/c with a
momentum step of less than 50 MeV/c. The data taking
was carried out at 15 beam-momentum settings in nearly
random order, so that possible long-term time-dependent
systematic errors did not contribute to make spurious
structures in the momentum dependence of the cross sec-
tions. Typically 2000 ~ ~+ events and 300 K K+
events were collected at each beam momentum. At the
lowest beam momentum of 362 MeV/c, the number of
the collected events was about a half of that at other mo-
menta due to the low beam intensity.

The data was also taken with the target empty for es-
timating the effect of the wall of the target flask. In addi-
tion, the data were recorded with several trigger modes
other than the normal trigger: for example, (i)
antiproton-beam trigger (Cl.C2 C3.C4) for studying the
beam quality and the trigger efficiency and (ii) pion beam
trigger (timings and attenuations of Cl —C4 adjusted to

III. ANALYSIS OF DATA

A. Event reconstruction

The horizontal projection of the charged-particle track
was reconstructed by using the CDC and SDC's. The
three SDC's and the CDC were placed with their com-
mon cylinder axis vertically traversing the center of the
target, and the structure of the drift cells of the SDC's
was the same as that of the large cells of the CDC.
Therefore, the anode layers of the SDC's were treated as
if they were the sixth and seventh layers of the CDC in
the horizontal track reconstruction. The track-finding al-
gorithm was based on the link-and-tree method. The
reconstructed track was required to have at least four
hits. When two or more track candidates were found, the
one which gave a minimum "g of linear fit" was adopt-
ed.

The beam track was independently reconstructed by
using the CDC and the beam chambers BC1—BC3.
These two reconstructed tracks were required to coincide
within +6 mm on the C3 plane and to have the directions
consistent with each other within +30 mrad. The verti-
cal direction of the beam track was reconstructed by us-
ing only the beam chambers. The reconstruction
efficiency for the beam track was dependent on the beam
momentum, and was found to be 94.8—96.6%%uo with an es-
timated error of +1.0%%uo.

In the next step we selected the events in which one
beam track and two outgoing charged-particle tracks
were reconstructed in the horizontal plane. A weighted
mean of the two intersections between the beam track
and two outgoing tracks was adopted as the vertex point
in the horizontal plane. The weight used here was sin 0,
where 0 is an angle between the beam track and an out-
going track projected onto the horizontal plane. The
vertical coordinate of the vertex point was determined by
extrapolating the beam track to the vertex point.

The three-dimensional reconstruction of the outgoing
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tracks was performed for those events as selected above.
The vertical coordinates of the outgoing tracks were ob-
tained from the induced-charge distributions on the
cathode strips of the SDC's. When two or more candi-
dates for the hit points on the SDC cathode were found
corresponding to one track, the vertical hit position on
the trigger-counter hodoscope was examined and the
most consistent one with the trigger counter was chosen.

The inefficiency of the horizontal track reconstruction
in the drift chambers was mainly caused by (i) tracking
inefficiency due to the inefficiencies of the drift chambers,
(ii) loss of events due to wrong tracking (wrong choice of
left-right twins of the drift-chamber hits), and (iii) loss of
events due to spurious tracks caused by either cross talk
or electric noise. To study the inefficiency due to (i), it
was examined by using multipion events whether a track
reconstructed by the CDC and SDC's was consistent with
a track reconstructed from the hit points on the SDC and
the trigger-counter hodoscope. From this study the
tracking inefficiency was found to be (0.8+0.15)% for one
track. The inefficiencies due to (ii) and (iii) were deter-
mined by visual inspection of one-event displays. At each
beam momentum, 1200 event samples were visually
scanned, and the loss of events was estimated to be
(1.0+0.4)% due to wrong tracking and (0.2+0.1)% due to
spurious tracks. The reconstruction efficiency in the vert-
ical direction was estimated to be (97.4+1.3)% from the
efficiency (-99%) of the cathode readout of the SDC's.
The overall reconstruction efficiency for the two outgoing
particles was estimated to be (94.7+1.4)% at all beam
momenta by combining the efficiencies described above.
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the events of two-body mesonic reactions. The elastic
events are not included in this figure because they were
already rejected by the opening-angle cut.

To finally retain the two-body mesonic-reaction candi-
dates in the second-stage DST's, the cut on the
acoplanarity-angle distribution was chosen as
0,„,=3m + 15 mrad, where o. is a rms width of the co-
planarity peak. The value of 0. was dependent on the
beam momentum because it was determined mainly by
the multiple scattering of antiprotons at the counter C3.
The value of 0,„, was 51 mrad at the highest beam
momentum and 72 mrad at the lowest. This rather loose
cut was adopted so as not to lose the m ~+ and K K+
events. It was confirmed that this coplanarity cut caused
no significant loss of the m n. + and K K+ events from
the following facts: (i) the events excluded by the co-
planarity requirement did not make peaks in the R ~ dis-
tribution corresponding to the ~ m+ and K K events
(see Sec. III C); (ii) the cross sections o + and 0 +

did not change significantly when the value of ~8,„,~
was

increased.

B. Selection of two-body mesonic reactions
250

The data-summary tapes (DST's) were produced in two
stages. Events selected at the first stage were required to
have a beam track reconstructed by beam chambers in
both horizontal and vertical directions, and three or four
tracks (including the beam track) reconstructed by drift
chambers in the horizontal plane. At this stage, a beam
track was not linked with a track in the CDC yet. The
events with four drift-chamber tracks were reserved for a
study of accidental hits and cross talk.

At the second stage the events of two-body mesonic re-
actions (pp~~ ~+ and pp~K K+) were selected.
The first requirement for such events was to have three
reconstructed tracks. The pp elastic-scattering events
were rejected by examining an opening angle between the
two outgoing tracks. The events with an opening angle
less than 95 or greater than 200 were discarded because
the elastic event has an opening angle of approximately
90', while the m. m+ and K I( + events have the opening
angle between about 130 and 180'. The events having
three tracks (two outgoing particles) include a huge
amount of background from multipion annihilation
events such as pp~~+m m. , m+vr m m. , etc. These
multipion background events were reduced by applying a
coplanarity cut. Figure 4 shows examples of the distribu-
tions of the acoplanarity angle 0„, which is defined as
an angle between the plane determined by two tracks and
the remaining track. The peak at O„,p 0 corresponds to
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FIG. 4. Acoplanarity-angle distributions at beam momenta
of 406, 538, and 756 MeV/c. The positions of the cuts are also
shown.
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C. Selection of pp —+m. m+ and K K+ events

In order to distinguish between the m ~ and K K
events, the opening angle between the two outgoing parti-
cles was examined in detail. From the two-body kinemat-
ics, the opening angle is uniquely determined when the
four-momentum of the incident antiproton, the direction
of one of the outgoing particles, and the masses of the
two outgoing particles are given. The difference between
the predicted opening angles for the ~ m+ and K K+
events is shown in Fig. 5 as a function of cosO'.

Figure 6 shows an example of the distribution of 50
for the events satisfying the coplanarity requirement,
where 60 means the difference between the measured
opening angle and the one predicted from the pp ~m
kinematics. The energy loss of the incident antiproton in
the liquid-hydrogen target down to the vertex point was
included in the calculation of the predicted opening an-

gle. The prominent peak in this figure corresponds to the
~+ events, while the K K + events cluster at the left-

side tail of the ~ vr peak. The width of the 60„distri-
bution is about 7 mrad, which is consistent with the com-
bined contributions from the beam-momentum spread
and multiple scattering of the outgoing particles.

The K K events are not well separated from the
events in Fig. 6, because the opening-angle

difference between the m ~+ and K K+ events varies
with the scattering angle. In order to achieve clear sepa-
ration between the m m. + and K K + events, we define a
variable R z as
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for the pp ~m vr reaction.

where 0, ,„ is the measured opening angle and O~z and
0 are the predicted opening angles for the K K+ and

m+ events, respectively. Figure 7 shows examples of 500—
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the R ~ distribution for the events satisfying the co-
planarity requirement. The K K+ events clustering
around R z =0 are now clearly separated from the

~+ events clustering around R z =1.
To ascertain the performance of this ~ m+/K K+

separation, the pulse height of the trigger-counter hodo-
scope for the backward-going particle was inspected at an
incident beam momentum of 756 MeV/c. At this beam
momentum, the backward-going particle from the

pp ~K K+ reaction should have about a 1.8-times-
larger pulse height than that from the pp~~ m+ reac-
tion (the momentum of the backward-going particle with

Oi,b) 145 is —560 MeV/c for the K K+ channel and
—700 MeV/c for the tr rr+ channel at this beam
momentum). A scatter plot of R „z versus pulse height of
the trigger-counter hodoscope for the backward-going
particles (10 backward counters were used) is shown in

Fig. 8(a). The pulse-height distribution for the K K+
region ( —0.3(R tr (0.3) and that for the tr rr region
(0.7 (R„tr (1.3) are shown in Fig. 8(b). It can be seen

from these figures that particles around R„&=0 clearly
have larger pulse heights than those around R I = 1.

It should be mentioned here that after selecting the
events of two-body mesonic reactions, two additional re-
quirements were imposed on the data. One was a cut for
the vertex position in order to eliminate the spurious
events caused by the interaction in C4. The hit pattern of
the trigger-counter hodoscope was also required to be
consistent with the drift-chamber tracks in the horizontal
plane.

In order to obtain the angular distributions of the
~+ and K K+ events, the center-of-mass angles were

subdivided into typically 20 bins in cos8*~ for the

pp ~m ~+ reaction and 10 bins for the pp ~K K+ re-
action. In each cos9

~
bin, the R ~ distribution was

fitted with a superposition of a linear background term
and two Gaussian peaks, as shown in Fig. 9. The same
width was used in the fit for the two peaks because the
opening-angle resolution was the same for the ~ ~+ and
K K+ channels. The number of events in each R z bin
was then divided into ~ m+, K K+, and background in

proportion to the respective contributions in that R z
bin determined by the fit.
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FIG. 8. (a) Scatter plot of R „z vs pulse height of the trigger-
counter hodoscope (backward 10 elements) for the backward-
going particles. (b) Pulse-height distributions of the trigger-
counter hodoscope for the backward-going particles in the
K K" region ( —0.3 &R, K &0.3) and in the ~ m region
(0.7 & R K & 1.3). The data at a beam momentum of 756 MeV/c
were used for both (a) and (b).

FIG. 9. Examples of the R z distribution for subdivided in-

tervals of ~cos0* . The curves show the results of the fit with a
sum of two Gaussian peaks and linear background. Two Gauss-
ian peaks are also shown.
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D. Acceptance calculation and decay correction

The acceptance at each beam momentum was calculat-
ed by a Monte Carlo method in which the beam phase
space and the beam-momentum spread were represented

by Gaussian distributions determined by the actual data.
The energy loss due to the liquid-hydrogen target was
also taken into account. The outgoing kaons were al-

lowed to decay. The decay modes of K—~p—+
v, m—+m. ,

m.—+m—+m. *,~—+m m, m p
—v, and n. e*v were taken into ac-

count, but the other decay modes with branching ratios
of less than 1% were ignored. It was found that about
40% of E Ir:+ events had one or two kaons which de-

cayed before reaching the trigger-counter hodoscope.
However, not all of them were lost. The daughter parti-
cle of the decayed kaon was further traced to determine
whether or not the event was accepted. When any of the
gamma counters was hit by a y or a charged pion, that
event was not accepted. Events in which a kaon decayed
before the outermost layer of the CDC with a decay angle
larger than 20 mrad in the laboratory frame were not re-
garded as the K K+ event because they were considered
to be eliminated by the coplanarity cut or to fall outside
of the K K region in the R z distribution.

The acceptance including the decay loss is shown in

Fig. 10 as a function of ~cos8* . The total acceptance
was about 3.0 sr for the ~ m+ events and about 2.2 sr for
the K K+ events. The acceptance was found to have
only a little dependence on the beam momentum.

To estimate the acceptance uncertainty due to the posi-
tioning error of the apparatus, the acceptance was calcu-
lated by a Monte Carlo program in which the positions of
all the detector elements were moved within maximum
possible positioning errors. From this study, the accep-
tance uncertainty was estimated to be +0.7% for both
the m. m+ and K K+ events.

E. Other corrections

TABLE I. Summary of the normalization corrections and
systematic errors.

Origin Correction (%) Error (%%uo)

Beam reconstruction efticiency
Beam absorption
Reconstruction eSciency for

the two outgoing particles
Absorption of outgoing particles
Effective target length
Target density
Acceptance uncertainty
Total systematic error

'For the pp ~m m+ reaction.
For the pp ~K K+ reaction.

94.8—96.6
5.4-8.2

94.7

25 29

+1.0
+0.4
+1.4

+0.2'+0. 6
+0.8
+0.3
+0.7

+2. 1'+2.2

target length was defined as an averaged path length of
unscattered beam tracks in the liquid-hydrogen target. It
was (20.25+0.17) cm at all beam momenta, where an er-
ror due to the variation of the elasticity of Mylar at the
liquid-hydrogen temperature was included. Therefore,
the systematic errors concerning the number of target
protons were +0.8% due to the uncertainty in the
effective target length and +0.3% due to the uncertainty
in the target density.

The absorption of antiprotons in liquid hydrogen was
estimated in the following way. After having passed
through liquid hydrogen of thickness x, the beam intensi-
ty I (x) is given by

I (x ) =Ioexp( pN „o,x ), —

where Io is the intensity of the incident antiproton beam,

p the density of liquid hydrogen, N„ the Avogadro num-
ber, and 0., the cross section relevant to the p disappear-
ance from the beam. The effective intensity I is given by

The number of protons in the target was determined
from the effective target length and density
(0.0706+0.0002 g/cm ) of liquid hydrogen. The effective

TABLE II. Summary of the absolute beam momentum at the
target center (P~,b), momentum spread (EP~,b), mass of the pp
system (M ), and mass resolution (bM ) at each measured

point.

I I l I

I

I I I I

I

I I I I

I

t I

(a) rr rr
362 MeV/c

----756 MeV/ca5

~ M

0.2—

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

(b) K K
362 MeV/c
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O
Q

0 0 I I I I l~ I I I I I I I I I
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/cos 8'/
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/cos 8'[

FIG. 10. Acceptance (including decay correction) as a func-
tion of ~coso

~
at the lowest and the highest beam momenta for

(a) the pp~vr m+ reaction and (b) the pp~K K+ reaction.

P lab

(Me V/c)

362
406
447
467
482
495
501
522
538
559
585
628
677
718
756

APlab (FWHM)
(MeV/c)

85
64
51
47
44
42
41
39
38
37
37
37
38
40
41

PP

(MeV/c 2)

1910.0
1918.2
1926.5
1930.7
1934.0
1936.9
1938.3
1943.1
1946.9
1952.0
1958.5
1969.7
1983.0
1994.5
2005.5

bM (FWHM)
(MeV/c )

15.0
12.3
10.7
10.1

9.7
9.5
9.4
9.2
9.2
9.2
9.4
9.8

10.6
11.3
12.1
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IoI=— I x dx = 1 —exp —pX„O., I
l o pN~O l

where l is the effective target length. It should be noted
that the beam antiprotons elastically scattered in the for-
ward direction are not always lost from the beam. A
Monte Carlo simulation shows that the relevant cross
section for cr, is the pp total cross section minus 10 mb.
The beam absorption 1 —I/Io was then estimated to be
(7.9+0.4)% at the lowest beam momentum and
(5.1+0.4)% at the highest. In addition, there was a small
amount of beam absorption by the counter C4, which was
estimated to be (0.3+0.03)% at all momenta.

The loss of events caused by absorption of the outgoing
particles in the detector materials was estimated by a
Monte Carlo simulation. It was found that there was no
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FIG. 11. Folded differential cross sections for the pp ~~
reaction. Curves are the results of the Legendre-polynomial fit.

significant dependence of the correction on the direction
of the outgoing particle and the momentum of the in-
cident beam. Conservatively, the correction factor was
estimated to be (2.5+0.2)% for the m 7r+ events and
(2.9+0.6)% for the K K+ events.

A summary of the correction factors and the systemat-
ic errors is listed in Table I. The total systematic error is
obtained by summing up all the contributions quadrati-
cally. It is +2. 1%%uo for the pp~~ ~+ reaction and
=+2.2% for the pp ~K K+ reaction.

F. Absolute beam momentum and mass resolution

The beam momentum at the target center was calibrat-
ed by exploiting the two-body kinematics of the
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TABLE III. Folded differential cross sections (FDC) for the pp ~vr m. reaction.

Icoso*I

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900

362 MeV/c
FDC (pb/sr)

33.9+13.1

17.1+9.6
46.2+ 17.0
49.9+ 16.2
42.9+13.9
36.8+ 14.7
74.9+18.7
48.9+14.7

107.7+ 19.4
95.9+18.0
75.9+16.8

128.5+20. 1

83.3+16.7
130.2+ 19.7
156.6+20.7
151.4+21 ~ 3
171.2+21.8

199.4+21.8

166.4+ 19.9

Icoso*
I

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900

406 MeV/c
FDC (pb/sr)

37.5+9.5

36.3+8.4
51.2+ 10. 1

57.2+ 11.3
37.8+9. 1

41.6+9. 1

45.3+9.6
82.8+ 12.4
65.3+11.0
95.0+ 12.6
89.3+ 12.6
96.9+ 12.5

88.0+ 11.9
133.4+ 13.4
123.2+ 12.8
135.7+ 13.0
152.6+ 14.2
189.4+ 14.7
184.7+13.5

Icos8

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.920

447 MeV/c
FDC (pb/sr)

34.6+8.2
41.0+8.7
47.8+9.4
43.6+8.9
45.2+9.2
33.7+8.2
57.0+ 10. 1

52.3+9.7
71.5+10.5
83.2+ 11.3
88.3+11.3
89.3+11.4
84.4+ 11.2

100.4+ 11.2
117.5+ 12. 1

122.7+ 11.8
126.2+ 11.3
148.7+ 11.1

167.2+ 11.5

I

cos0*
I

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.920

467 MeV/c
FDC (pb/sr)

45.2+8.9
38.3+9.0
48.6+9.5

38.1+8.1

27.1+7.4
43.7+8.7
49.7+ 10. 1

62.3+9.9
73.6+ 10.9
74.5+ 10.9
67.3+ 10.3
84.7+ 11.3
73.9+10.2

111.4+ 11.8
114.2+ 11.7
96.6+ 10.8

113.6+ 11.1

146.5+ 11.1

168.5+ 11.6

Icos 0*I

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675

482 MeV/c
FDC (pb/sr)

27.9+7.3

43.9+8.9
34.1+8.4
35.2+8.8

52.6+9.7
50.0+9.4
60.6+9.9
77.3+11.0
45.1+9.1

57.9+9.8
74.3+10.7
77.5+ 10.9
83.3+10.9
85.0+ 10.6

IcosH*
I

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675

495 MeV/c
FDC (pb/sr)

39.1+8.3
38.8+8.6
46.7+9.8

37.9+8.8
44.1+9.2
43.8+8.9
63.5+ 10.6
48.8+9.5
63.0+ 10.6
64.6+ 10. 1

69.6+ 11.0
70.8+ 10.5
74.9+10.5
86.4+ 10.9
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fcos8'
f

0.725
0.775
0.820
0.860
0.900
0.940

fcos8*
f

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900
0.940

fcos8 f

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900
0.940

482 MeV/c
FDC (pb/sr)

102.1+11.1
129.2+ 11.9
114.1+12.6
125.7+11.9
149.8+ 12.0
164.8+10.6

501 MeV/c
FDC (pb/sr)

32.9+7.9
49.2+9.0
31.9+8.2
41.9+8.6
39.7+8.3
45.6+9.2
40.9+8.8
45.5+9.0
54.6+9.2
80.7+ 11.0
61.4+9.9
74.9+10.2
83.9+10.7
94.0+ 10.8

101.9+11.1
120.9+11.2
138.7+ 13.3
136.2+12.2
122.1+10.7
150.0+ 10.0

538 MeV/c
FDC (pb/sr)

47.7+7.9
51.3+8.6
35.8+7.3
33.4+7. 1

38.4+7.7
40.7+7.7
68.4+9.6
62.6+9.0
61.9+9.0
66.7+9.2
66.5+9.3
70.0+9.3
84.1+9.9
99.2+ 10.3
96.5+ 10.0

103.9+9.9
122.8+ 11.8
129.8+ 11.1

138.6+10.4
148.3+9.1

TABLE III. (Continued).

fcos8'
f

0.725
0.775
0.820
0.860
0.900
0.940

fcos8*
f

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900
0.940

fcos8*f

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900
0.940

495 MeV/c
FDC (pb/sr)

104.7+ 11.6
103.4+ 11.1

115.7+ 12.7
118.2+ 12.0
140.7+ 12.0
153.9+10.7

522 MeV/c
FDC (pb/sr)

46.7+8.9
42.9+8.4
47.8+9.7
50.1+9.0
57.1+10.2
54.9+10.0
54.8+10.2
58.4+ 10.0
64.1+10.0
59.9+9.7
94.3+12.0
75.1+10.6
81.1+10.9
77.0+10.2
86.7+ 10.5

105.5+11.0
121.8+12.9
128.3+12.2
137.4+11.6
144.7+10.0

559 MeV/c
FDC (pb/sr)

51.9+9.4
43.7+8.9
34.2+8.7
41.5+8.8

63.6+ 10.5
59.0+ 10.3
59.5+ 10.3
37.3+8.3
42.5+9.2
58.1+9.7
62.7+10.5
62.7+ 10.2
64.8+10.1

59.5+9.5
81.4+ 10.6
97.7+ 11.0
90.2+ 11.7

102.6+ 11.5
135.2+ 11.8
135.5+ 10.2

fcos8'f

0.025
0.075

585 MeV/c
FDC (pb/sr)

27.6+7. 1

42.0+8.0

fcos8*
f

0.025
0.075

628 MeV/c
FDC (pb/sr)

39.9+7.8

49.2+8.6
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Icos~" I

0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.820
0.860
0.900
0.940

585 MeV/c
FDC {pb/sr)

48.4+9. 1

44.2+8.5

29.7+7.3

46.5+8.8

54.4+9.2
38.4+8. 1

44.1+8.5

56.6+9.5

62.0+9.8

64.3+9.6
61.0+9.2
62.3+9.3
84.3+ 10.4

110.4+ 11.0
105.7+ 11.9
109.2+ 11.2
118.5+ 10.6
142.8+9.9

TABLE III. {Continued).

lcose*l

0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.920
0.960

628 MeV/c
FDC (pb/sr)

44.3+8 ~ 8

45.5+8.4
62.2+9.5

54.9+9.0
58.6+9.8

45.1+8.2
53.8+9. 1

43.1+8. 1

56.8+9. 1

59.6+9.7
55.7+9.4
78.5+ 10. 1

94.7+ 10.6
80.2+9.6
92.3+ 10.0

108.7+ 10.0
130.2+ 10.6
153.2+9.2

/cosg'
i

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.920
0.960

677 MeV/c
FDC {pb/sr)

36.4+8.7
57.9+ 10. 1

49.6+9.7
38.9+8.9
37.0+8.5

63.7+ 11.2
59.0+ 10.6
45.7+9.7
42.3+9.6
55.4+ 10. 1

59.2+ 10.5
S3.3+ 10.0
47.6+9.3

85.2+ 11.6
69.6+ 10.5
91.0+ 11.3
97.9+11.5

133.8+ 12.0
133.8+12. 1

152.0+ 10.3

~cose'[

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
O.S75
0.625
0.675
0.725
0.775
0.825
0.87S
0.920
0.960

718 MeV/c
FDC {pb/sr)

48.7+8.8

39.5+8.3

39.6+8.7
54.6+9.3
46.1+8.5
26.8+7.0
50.4+9.6
32.1+7.5
57.1+9.6
51.1+9.1

47.8+9.0
49.6+9.2
55.6+9.5

53.6+9. 1

86.8+ 11.3
88.1+10.8

112.0+ 11.4
122.4+ 11.1

138.0+ 11.5
158.3+ 10.2

cos8

0.025
0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725

756 MeV/c
FDC (pb/sr)

48.0+8. 1

37.2+7.6
52.0+8.8

36.3+7.6
32.0+6.8
41.0+7.9
48.3+8.6
50.8+8.6
50.8+8.4
48.4+8.4
43.3+8.0
41.6+8.0
66.3+9.4
78.7+9.7
71.1+9.4
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[coso"
t

0.775
0.825
0.875
0.920
0.960

756 MeV/e
FDC (pb/sr)

86.8+9.8
112.4+ 10.6
146.4+ 11.3
141.2+ 10.7
149.6+9. 1

TABLE III. (Continued).

pp~m m+ events. If a wrong beam momentum was
used in the calculation of AI9 „, the peak position in the
At9 distribution sensitively deviates from 0. Therefore,
the beam momentum at the target center was determined

in such a way that the peak position in the 58 distribu-
tion had to be precisely located at O'. The mass resolu-
tion of the pp system was determined by the spread of the
beam momentum (dominant at higher momenta) and the
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FIG. 13. The folded differential cross sections of the
pp~~ m reaction obtained in this experiment are compared
with the ones constructed from the data of Tanimori et al. (Ref.
22) and Eisenhandler et al. (Ref. 18), which are normalized to
the present results with a normalization factor given in each
figure.

FIG. 14. The folded differential cross sections of the
Pp~K K+ reaction obtained in this experiment are compared
with the ones constructed from the data of Tanimori et al. (Ref.
22) and Eisenhandler et al. (Ref. 18), which are normalized to
the present results with a normalization factor given in each
figure.



EXPERIMENTAL STUDY OF THE REACTIONS pp ~m m+ AND. . . 757

TABLE IV. Folded differential cross sections (FDC) for the pp ~K K+ reaction.

fcose*f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890

362 MeV/c
FDC (pb/sr)

23.2+7.3
10.1+6.8
9.3+10.1

4.9+7.0
29.3+9.9

5.1+7.7
21.9+9.0
17.4+ 10.7
62.1+12.7

fcose*
f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890

406 MeV/c
FDC (pb/sr)

7.6+3.7
15.4+4.4
11.9+5.3
7.7+5.0

14.4+5.7
22.1+6.3
55.6+7.6
41.5+8.5

52.6+8.3

fcose"
f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.825
0.875
0.920

447 MeV/c
FDC (pb/sr)

11.9+3.8
17.2+4.2
10.6+5.2
15.5+5. 1

24.1+5.7
26.8+6. 1

29.2+5.9
46.4+ 10.2
44.4+8.5

58.0+9.2

fcose'
f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.825
0.875
0.920

467 MeV/c
FDC (pb/sr)

2.9%3.1

7.1+3.3
11.2+4.9
14.2+5.0
5.3+4.4

26.9+5.9
28.4+6.0
48.8+ 10.0
48.1+9.3
64.0+9.4

fcose*
f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.940

482 MeV/c
FDC (pb/sr)

15.9+4.0
4.8+3.3

13.9+4.8

0.0+3.8

15.5+5.6
22.2+5.6
42.7+6.4
47.3+8.7
58.3+8.7
77.6+9.2

fcose*
f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.940

495 MeV/c
FDC (pb/sr)

7.7+3.5

2.4+3.0
8.5+4.4
2.5+4.4

22.4+6.0
23.2+5.5

37.4+6.4
41.9+8.4
51.3+8 ~ 2
76.6+9.9

fcose f

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.940

501 MeV/c
FDC (pb/sr)

3.2+3.2
13.0+3.8

8.3+4.5

3.9+4.4
10.1+4.9
20.2+5.2
31.5+5.9
46.6+8.5

59.5+8.3
81.3+9.4

I

cose*
I

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.940

522 MeV/c
FDC (pb/sr)

16.4+4. 1

9.8+3.4
12.5+5.0
11.2+4.6
11.2+4.9
33.0+6.4
37.8+6.4
63.0+9.5

66.6+8.7
65.7+9.2

fcose

0.075
0.225
0.350
0.450
0.550
0.650

538 MeV/c
FDC (pb/sr)

10.2+3.2
15.5+3.7
3.2+3.5
7.9+3.9
9.0+4.3

14.6+4.6

fcose*f

0.075
0.225
0.350
0.450
0.550
0.650

559 MeV/c
FDC (pb/sr)

10.1+3.5
8.2+3.5

12.0+4.8
18.3+5.4
24.3+6. 1

28.3+6. 1
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[cosg"i

0.750
0.830
0.890
0.940

538 MeV/c
FDC (pb/sr)

28.5+5.4
44.2+7.8

60.1+7.6
76.5+8.4

TABLE IV. (Continued).

(cosg

0.750
0.830
0.890
0.940

559 MeV/c
FDC {pb/sr)

35.1+6.4
45.4+9.0
50.1+8.2
72.6+9.8

icos8

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0,830
0.890
0.940

585 MeV/c
FDC (pb/sr)

7.4+3. 1

6.5+3.0
13.4+4.4
9.2+4.4

14.6+4.7
24.8+5.6
25.2+5.7

35.5+7.6
75.7+9.0
84.1+9.6

icosg

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.950

628 MeV/c
FDC (pb/sr)

6.9+3.0
10.7+3.4
7.0+3.9
9.7+4. 1

9.9+4.3
23.4+5. 5

36.8+6.2
42.6+8.7
37.7+7.6
70.6+6.9

[cos0*i

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.950

677 MeV/c
FDC (pb/sr)

5.5+3. 1

9.6+3.5

6.0+4.0
6.2+4. 7
9.8+5.2

22,7+5.9
38.1+6.9
49.9+9.9
64.8+9.6
89.1+8.6

icos8

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.950

718 MeV/c
FDC (p,b/sr)

5.9+3.0
9.7+3.3

14.1+4.8

18.8+5 ~ 1

17.5+5.4
18.2+5.4
31.3+6. 1

49.1+9.1

63.4+9.3
61.0+7. 1

/

cos0*1

0.075
0.225
0.350
0.450
0.550
0.650
0.750
0.830
0.890
0.950

756 MeV/c
FDC (pb/sr)

5.7+2. 8

10.9+3.2
12.4+4.4
15.4+4. 5

22.3+5.2
13.5+4.7
23.2+5 ~ 2

46.8+8.5

46.6+7.7
57.7+6.3

energy loss in the liquid-hydrogen target (dominant at
lower momenta). The beam momentum at the center of
the liquid-hydrogen target and the mass resolution at
each beam rnomenturn are given in Table II together with
some other relevant parameters.

IV. RESULTS AND DISCUSSION

A. Experimental results

The folded differential cross section for the ith subdi-
vision of ~cosO" is given by

do ~ do

I p p

where X; and 0, are the number of events and the solid-
angle acceptance corresponding to the ith subdivision, N

p
is the number of the beam antiprotons, A is the number
of the target protons, and e is the total efficiency calculat-
ed from the efficiencies given in Table I. The solid-angle
acceptance 0, is defined as an average of Oi0,*) and
o,(n —0,* ).

The cross sections have been determined over the
~cos8* region where the two peaks corresponding to the
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TABLE V. Legendre coefficients and the value of the reduced y (y'/N») of the fit to the

pp~~ m+ folded di6'erential cross section, where NDF is the number of degrees of freedom. Note that
2m.ao in the second column gives e +.

Plab
(MeV/c)

362
406
447
467
482
495
501
522
538
559
585
628
677
718
756

2~ao(pb)

617+27
613+18
546217
522416
507+15
489+15
484+14
504+15
495+13
440+14
428+13
442+13
439+14
423+13
431+12

az /ao

1.27+0. 13
1.26+0.09
1.15+0.09
1.21+0.10
1.16+0.07
1.07+0.08
1.09+0.07
0.93+0.07
1.04+0.07
0.96+0.08
1.11+0.08
0.94+0.07
1.03+0.08
1.16+0.08
1.16+0.07

a4/ao

—0.21+0.17
0.07+0. 12
0.07+0. 14
0.25+0. 14
0.1720.11
0.17+0.12

—0.07+0. 11
0.18+0.11
0.08+0. 10
0.40+0. 12
0.27+0. 12
0.45+0. 10
0.48+0. 11
0.55+0. 11
0.4520. 10

a, /a,

0.12+0.15
0.24+0. 15
0.15+0.13
0.10+0.14

—0.16+0.14
0.09+0.13
0.03+0.12
0.06+0. 15
0.02+0. 14
0.10+0.12
0.01%0.14

—0.09+0.13
—0.14+0.12

x /NDF

1 ~ 18
1.07
0.60
1.25
0.97
0.27
0.71
0.47
0.79
0.98
0.93
0.77
1.03
0.99
1.08

m m+ and E E+ events are well separated in the 8 z
distribution (more than 3o where o is the one-standard-
deviation width of the en+ an. d K K+ peaks). The re-
gion of icos8'i varies from icos8"

i
&0.92 at 362 MeV/c

to icos8'i (0.98 at 756 MeV/c.
The results are given in Table III for the pp~~ m+

reaction and Table IV for the pp~E E+ reaction to-
gether with their statistical errors, and are also plotted in
Figs. 11 and 12, respectively. In Figs. 13 and 14 the fold-
ed differential cross sections obtained in this experiment
are compared with those obtained by Tanimori et al.
and by Eisenhandler et al. ' at several beam momenta,
where the data from other experiments' ' are normal-
ized to our data with the normalization constant given in
each figure. This comparison indicates that our data and
those from Refs. 18 and 22 show agreement with respect

to the shape of the folded angular distributions in both
m m+ and E E+ channels. This seems to suggest that
an enhancement reported by Tanimori et al. in the

m. + and K K+ channels at 490 MeV/c is due to sta-
tistical fluctuation or some normalization problem.

The folded differential cross sections were fitted with
Legendre polynomials of the form

max

(8')+ (n.—8')= g a„P„(cos8'),
n=0

n =even .

The odd-order terms do not contribute to the folded
differential cross section. For the n m+ channel, the fit
was performed with n,„=4at 362 and 406 MeV/c and

TABLE VI. Legendre coefficients, and the value of reduced g' (y'/NDF) of the fit to the
pp~K EC folded differential cross sections, where N» is the number of degrees of freedom. Note
that 2nao in the second column gives 0 +.

K K

Pi,b (MeV/c)

362
406
447
467
482
495
501
522
538
559
585
628
67I
718
756

2~ao(pb)

134+20
160+13
161+12
135+11
155+11
141+11
145+11
174+ 11
145+10
164+11
154+11
136+10
156+11
150+10
133+9

a, /ao

1.44+0.44
1.73+0.26
1.30+0.21
2.09+0.25
2.07+0. 19
2.18+0.21
2.24+0.21
1.73+0.18
2.04+0. 19
1.59+0.19
2.08+0. 19
1.S7+0.18
2.27+0. 19
1.69+0.17
1.61+0.18

a4/ao

1.6520.58
0.16+0.32
0.44+0.28
0.76+0.30
1.15+0.25
0.74+0.28
1.14+0.26
0.80+0.23
1.46+0.23
0.33+0.25
1.05+0.24
0.78+0.23
1.12+0.23
0.45+0.22
0.55+0.23

x'/NDF

1.68
1.98
0.44
1.12
2.07
1.15
0.82
1.26
0.64
0.33
1.37
1.10
0.28
0.75
1.23
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n,„=6at higher beam momenta, with the results given
in Table V. It is seen that the resulting coefficient of the
highest-order term is consistent with 0. For the E I( +

channel, the fit was performed with n,„=4 at all the
beam momenta since the fit with n,„=6not only result-
ed in a6 consistent with 0, but also caused oscillation of
the fitted curve around ~cosO

~

—l at several beam mo-
menta. The results are given in Table VI. The curves in
Figs. 11 and 12 show the results of the fit.

The total cross sections o and e of the reac-

tions pp ~m. m. + and K K+ are obtained by integrating
the folded diff'erential cross sections from cos0*=0 to 1,
which is equal to 2vrao and listed in the second column of
Tables V and VI. The cross sections cr + and o +

as a function of the incident p momentum are plotted in
Fig. 15 together with the data from other experi-
ments. ' The error bars show statistical errors only.
Both 0. + and cr + measured in this experiment

show smooth momentum dependence; o + smoothly

decreases with beam momentum up to 550 MeV/c and
then levels off; while 0. + is nearly constant over the

beam momentum region investigated in this experiment.
The normalized Legendre coefficients (a„/ao) are plot-

ted together with the results obtained in other experi-
ments' ' ' in Fig. 16 for m. m+ and Fig. 17 for E K+
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FIG. 16. Legendre coefficients for the pp~n m+ reaction as
a function of incident beam momentum. The data from other
experiments are also shown.

as a function of the beam momentum. Our results are
consistent with the results of other experiments. ' ' '
This again indicates that the shapes of the folded angular
distributions obtained in this experiment are consistent
with those obtained in other experiments. ' ' '

In the m m+ channel, a4 increases slowly and smooth-
ly as the beam momentum increases, while a2 is nearly
constant over the beam momentum region investigated in
this experiment. In particular, a4 is consistent with zero
below 400 MeV/c.

In the E K+ channel, both az and a4 are large and
nearly constant (a2/ac —2 and a4/a&& —l). These a2 and

a4 contributions produce large forward and backward
symmetric peaks, unless there are large a t and/or a& con-
tributions. Although a, and a3 are not obtained in this
experiment the results obtained in other experi-
ments' ' ' show that both at/sxtt and a3/ac are nega-
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FIG. 15. (a) Total cross section for the pp~m. ~ reaction
plotted as a function of incident beam momentum. The data
from other experiments are also shown. (b) Total cross section
for the Pp~K E+ reaction plotted as a function of incident
beam momentum. The data from other experiments are also
shown.

Momentum ( MeV/c )

FIG. 17. Legendre coefficients for the pp ~K K+ reaction
as a function of incident beam momentum. The data from other
experiments are also shown.
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tive and nearly constant (a, /ao ——0.6 and

a3/ao ——1). These a, and a3 contributions are
insufficient to cancel out the prominent backward peak
produced by a 2 and a4.

As mentioned in Sec. I, the existence of the backward
peak in the K K+ angular distribution at low energies is
an important problem. In the following, some comments
are in order on this K K + backward peak. At
P] b

=790 MeV/c, Eisenhandler et al. ' and Tanimori
et al. gave the complete K K+ angular distributions,
both results being in good agreement and indicating a
prominent backward peak. Below 700 MeV/c Tanimori
et al. provided the K K+ angular distribution with
good statistics, and indicated the existence of a steep
backward peak. Unfortunately, the data of Ref. 22 have
a normalization problem as has been described above.
However, it seems that the data of Ref. 22, properly nor-
malized to the folded differential cross sections obtained
in this experiment, give correct differential cross sections
for the m m+ and K K+ channels which can be directly
compared with theoretical calculations.

A» is considered). In Fig. 20 the contributions to a +

and o + from each component of the initial orbital

angular momentum state L and their incoherent sum are
shown as a function of the incident beam momentum.
The L=2 component increases with the beam momen-
turn and dominates both o. + and o + above —500
MeV/c. In the MU model the R process gives only a
small contribution to the pp ~vr m+ reaction, and above
-600 MeV/c the L=2 component itself is dominated by
the A& process. Therefore, the incoherent summation of
the different L contributions may be justified above -600
MeV/c. Indeed, the incoherent sum shows agreement
with the J)p~a n+da. ta only above —550 MeV/e.

The angular distributions predicted by the MU model
for both n m+ and I(. E+ channels at 590 MeV/c are
compared with the present data and with the data of
Tanimori et al. properly normalized to the present data
in Figs. 18 and 19, respectively. The gross behavior of

B. Comparison with theoretical model calculations

There are several calculations for the pp~m m and
K K+ cross sections below 1 GeV/c based on theoreti-
cal models for these reactions. Here we compare our re-
sults with the predictions of these theoretical calculations
to test the validity of the adopted models.

Kohno and Weise' calculated the relevant cross sec-
tions and angular distributions employing a nonrelativis-
tic quark model (hereafter this model is abbreviated as
the KW model). The transition potentials corresponding
to the R and A processes have been derived from the
gluon-exchange picture. It is claimed that this approach
is less restrictive than the Po model in which a quark
and an antiquark annihilate into the vacuum quantum
number. In this model both the R process [Fig. 1(a)] and
the A process [Fig. 1(b)] contribute nearly equally to the

sr+ channel in this momentum region. Figure 18
shows a comparison of the present data with the predic-
tions by the KW model. Also, the angular distributions
of Tanimori et al, normalized to the present data are
compared in Fig. 19 with the predictions of the KW
model. From these figures it is seen that the KW model
reproduces rather well the gross features of the
pp ~m+m+ angular distributions. However, this model
completely fails to reproduce the forward and, in particu-
lar, the steep backward peaks characteristic of the
pp ~K K+ reaction in the low-momentum region.
Moreover, their prediction for the momentum depen-
dence of both o. + and o. + shows a steep decrease
with increasing momentum, and this feature is in
disagreement with our data as shown in Fig. 20.

Maruyama and Ueda also made calculations for low-
energy pp ~m m+ and K K+ cross sections based on a
nonrelativistic quark model (hereafter abbreviated as the
MU model). In their model two types of the gluon-
exchange diagrams called A& and A&& processes (see Fig.
21) are explicitly taken into account for the A process (in
the KW model, only one type of gluon-exchange diagram
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FIG. 18. The folded differential cross sections obtained in
this experiment are compared with the results of theoretical cal-
culations for (a)—(c} the pp~~ m reaction and (d), (e) the

pp ~K E+ reaction. The solid curves show the prediction by
the KW model. The dotted curve in (c) shows the prediction by
the MU model. The dotted curve in (e) shows the L=2 contri-
bution, and the dashed curve in (e) shows the result of the max-
imum destructive interference between the L=O and L=2 con-
tributions, both predicted by the MU model.
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FIG. 19. The differential cross sections of Tanimori et al.
(Ref. 22) normalized to the present data are compared with the
results of theoretical calculations for (a)—(c) the pp~m sr+ re-
action and (d), (e) the pp~I(: K+ reaction. The solid curves
show the prediction by the KW model. The dotted curve in (c)
shows the prediction by the MU model. The dotted curve in (e)
shows the L =2 contribution, and the dashed curve in (e) shows
the result of the maximum destructive interference between the
L=O and L=2 contributions, both predicted by the MU model.
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FIG. 20. Total cross sections obtained in this experiment are
compared with the theoretical calculations by the KW model
and by the MU model for (a) the pp~m sr+ reaction and (b)
the pp ~E E+ reaction. For the MU model, the L =0, 1, and
2 contributions and the summed contribution are separately
shown.

FIG. 21. Diagrams for (a) A
&

quark-annihilation process and
(b) A» quark-annihilation process considered by Maruyama
and Ueda.

angular distribution for the ~ m+ channel is well repro-
duced. For the K K+ channel the forward and back-
ward peaks appear due to the dominance of the L=2
component above 500 MeV/c. However, this L=2 con-
tribution does not fit the data even in the forward region.
Even if the maximum destructive interference between
the L=O and L=2 components are taken into account,
no satisfactory fit is obtained in the backward region,
though the forward peak is now reproduced. It should
also be noted that the prominent forward and backward
peaks appear already at around 400 Mev/c in the data of
Tanimori et al. In the MU model, however, it seems
difficult to explain this feature, because the L =2 contri-
bution is not yet dominant around 400 MeV/c as shown
in Fig. 20.

Another theoretical calculation has been performed by
Moussallam for the m m channel ' ' and for the
K K channel based on a baryon-exchange potential+ 32

model. His results on the angular distribution for the
m+ channel reproduce the experimental data with the

forward and backward peaks. However, the results on
the angular distribution for the K K+ channel show a
forward peak but no backward peak, in contradiction to
the experimental data. ' '

The discussion above is summarized as follows. (i) The
momentum dependence of o. + and o. + is not com-

77 K K
pletely explained by theoretical calculations in the full
momentum region investigated in the present experiment.
(ii) The angular distribution of the pp~vr rr+ reaction is
reproduced by theoretical calculations. However, that of
the pp ~K K+ reaction cannot be reproduced at all. In
particular, the prominent backward peak observed in

pp ~K K is most difficult to explain.
As already noted in Sec. I the recent European Muon

Collaboration (EMC) experiment of deep-inelastic muon-
proton scattering' suggests that the proton contains a
significant amount of ss pairs. Then, intuitively, the di-
agram shown in Fig. 1(c) may produce the backward
peak in the pp ~K K+ reaction as pointed out by Ellis,
Gabathuler, and Karliner. ' Explicit theoretical calcula-
tions of the pp~K K+ angular distribution including
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this diagram, however, have to be done to see whether it
really produces the necessary amount of the backward
peak.

V. CONCLUSIONS

We have presented the folded differential cross sections
and the total cross sections of both pp~w m+ and
K K+ reactions at 15 incident beam momenta between
360 and 760 MeV/c with much higher statistics and
much smaller systematic errors than those in previous ex-
periments. The high statistics and the fineness of the
momentum step enabled us to make detailed comparison
of the experimental data with the results of theoretical
calculations.

The shapes of the folded angular distributions obtained
in this experiment are consistent with those constructed
from the data of the previous measurements, and are
characterized by a prominent peak at ~cos9'~=1. The
Legendre polynomial series of up to the fourth or sixth
order for the m. ~+ channel and up to the fourth order
for the K K+ channel give satisfactory fits to the folded
angular distributions. This suggests that only lower par-
tial waves are dominant in this momentum region. By
comparing the present data with that of Tanimori
et al. , the data reported in Ref. 22 are found to have a
normalization problem at some beam momenta, and
those properly normalized to the present data are con-
sidered to give the correct differential cross sections.

The total pp ~m m+ and K K + cross sections o +

and 0. +, respectively, have been obtained from the

zeroth-order coefficients of the Legendre polynomial fit to
the folded differential cross sections. The present results
exhibit a smooth but rapidly decreasing behavior of
0. + as the beam momentum increases up to 550

MeV/c, and a smooth and nearly constant momentum
dependence of 0 .

The present results have been compared with the
theoretical calculations by Kohno and Weise' and by
Maruyama and Ueda, both based on a nonrelativistic
quark model, and by Moussallam based on a
baryon-exchange potential model. Although the gross
shape of the angular distribution of the reaction
pp~m ~ is reproduced by these theoretical calcula-
tions, the prominent backward peak (or peak at
~cos8'~=1) in the pp~E K+ reaction cannot be ex-
plained at all. It should be noted also that the momen-
tum dependence of o + and 0. + is not completely

explained by theoretical calculations. These facts seem to
suggest that something important is still missing in the
theoretical models for the pp~~ m+ and K K reac-
tions. In this regard the recent proposal by Ellis, Ga-
bathular, and Karliner' is very interesting. Based on the
recent EMC results' which indicate the existence of a
significant amount of ss pairs in the proton, they have

pointed out the possibility that the new quark diagram
shown in Fig. 1(c) gives the backward peak in the

pp —+K K+ reaction. Theoretical calculations of the

pp ~K K differential cross section including this dia-

gram, however, remain to be done.
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