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The exclusive production cross sections forv andf mesons have been measured in proton-proton reactions
at plab53.67 GeV/c. The observedf/v cross section ratio is (3.860.220.9

11.2)31023. After phase space cor-
rections, this ratio is enhanced by about an order of magnitude relative to naive predictions based upon the
Okubo-Zweig-Iizuka~OZI! rule, in comparison to an enhancement by a factor;3 previously observed at
higher beam momenta. The modest increase of this enhancement near the production threshold is compared to

the much larger increase of thef/v ratio observed in specific channels ofp̄p annihilation experiments.
Furthermore, differential cross section results are also presented which indicate that although thef meson is
predominantly produced from a3P1 proton-proton entrance channel, other partial waves contribute signifi-
cantly to the production mechanism at this beam momentum.
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I. INTRODUCTION

The proton is a complex composite object in which s
quarks and gluons make significant contribution to the str
ture functions. Investigation of the strange structure of
nucleon is currently of great interest since strange qua
appear only as sea quarks in most models of the nucleo
contrast to the light quarks (u and d) that appear as both
valence and sea quarks.

An important experimental approach to study the role
strange quarks in the proton’s wave function is to meas
the relative production off andv vector mesons. Since th
singlet-octet mixing angle of the ground state vector me
nonet is close to the ideal value~i.e., tanu ideal51/A2) @1#,
the v meson consists almost completely of light valen
quarks and thef meson almost completely of strange v
lence quarks. According to the Okubo-Zweig-Iizuka~OZI!
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rule, processes with disconnected quark lines in the initia
final state are suppressed@2–5#. As a result, the production
of thef meson is expected to be strongly suppressed rela
to thev meson in hadronic reactions with no strange qua
in the initial state. Under the assumption that the OZI rule
exactly fulfilled, thef meson can only be produced by th
small admixture of light quarks to its wave function. Thu
the relative production cross sections for thef and v me-
sons (Rf/v) can be calculated by the following formula:

Rf/v5 f 3tan2d5 f 34.231023, ~1!

wheref is a correction for the available phase space, and
'3.7° is the deviation from the ideal mixing angle@6#.

In certain hadronic reactions it has been observed that
ratio of the exclusive cross sections for thef andv meson
production reactions significantly exceeds estimates base
simple quark models~see, e.g.@7#!. For p̄p annihilation at
rest this enhancement is observed to be particularly dram
@8–10#. This apparent violation of the OZI rule has bee
interpreted as evidence for a non-negligible negatively po
ized ss̄ Fock component to the proton’s wave functio
@7,11#. Here it is important to distinguish between extrins
and intrinsic quark and gluon contributions to the nucle
sea@12,13#, since other explanations stress the importance
higher order rescattering processes@14–19#, thereby ‘‘avoid-
ing’’ the OZI rule.
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Recently, there have been numerous experimental in
tigations on the contribution of strange quarks to the prot
At low momentum transfersq2 there are measurements
parity violating polarized electron-proton scattering to det
mine the strange electromagnetic form factors of
nucleon. First results indicate very small effects@20,21#, and
thus the scale of the strange vector current^Nus̄gmsuN& can-
not yet be determined~see, e.g.@22#!. Spin dependent struc
ture functions have also been measured in a number o
clusive @23–31# and semi-inclusive@32,33# experiments on
deep inelastic scattering of polarized leptons from nucleo
suggesting that the strange sea quarks are weakly pola
against the proton helicity. Furthermore, it has commo
been discussed that the magnitude of theSpN term in low
energy pion nucleon elastic scattering@34–37# indicates a
possibly sizable, but very uncertain scalar density of stra
sea quarkŝNus̄suN& in the nucleon’s wave function.

The negatively polarized intrinsic strangeness model w
in part motivated by the strong correlation of thef meson
yield to the spin triplet fraction of the annihilatingpp̄ system
@38#. Sincef meson production inpp reactions at threshold
must proceed via the spin triplet entrance channel, furt
insight on the origin of the enhancedf production inpp̄
could be provided by studying near-thresholdpp reactions,
where predictions based upon the strange sea quarks in
nucleon and meson rescattering models might be expecte
differ.

To address this problem we have measured the produc
of f and v mesons in proton-proton reactions with th
DISTO spectrometer@39# at the Saturne accelerator
Saclay. We present here total and differential cross sect
that were determined for a beam momentum of 3.67 Gec
which corresponds to a much lower available energy ab
the f production threshold (Q5As2As0583 MeV) than
the existing data (Q.1.6 GeV) @40–43#. In previous letters
@44,45# we have presented the first results close to thef
meson production threshold in proton-proton reactio
where it was determined that thef/v cross section ratio
increases slightly toward threshold. Since these publicat
we have made several improvements to the data anal
including refinements of the acceptance correction, impro
ments in the tracking algorithm and calibrations, as well
the analysis of a factor four more statistics. These results
presented here in more detail, together with differential cr
section distributions that were previously not available.
of the previously published data are consistent with the
sults presented here.

This paper is organized as follows. In the next sect
experimental details of the detector and data analysis
presented. The resultingf andv meson total and differentia
cross sections are presented in the ensuing section, follo
by a discussion of these results and a summary.

II. EXPERIMENT

A. Apparatus

A proton beam from the SATURNE synchrotron wi
momentumplab53.67 GeV/c was directed onto a liquid hy
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drogen target of 2 cm length, and multiple charge parti
final states were measured with the DISTO spectrom
@39#, which is shown schematically in Fig. 1. Charged pa
ticles were tracked through a magnetic spectrometer and
tected by a scintillator hodoscope and an array of water Cˇ er-
enkov detectors. The magnetic spectrometer consisted
dipole magnet~1.0 T m!, 2 sets of scintillating fiber hodo
scopes inside the field, and 2 sets of multiwire proportio
chambers~MWPC! outside the field. The large acceptance
the spectrometer ('615° vertical, 648° horizontal! al-
lowed for coincident detection of four charged particle
which was essential for the kinematically complete reco
struction of many final states (ppp1p2, ppp1p2p0,
ppK1K2, pKL, pKS). Particle identification and
4-momentum conservation served as powerful tools
background rejection. Event readout was triggered by a m
tiplicity condition on the scintillating fiber and hodoscop
detectors, selecting events with at least three charged
ticles. Details of the experimental apparatus can be foun
Ref. @39#.

B. Data analysis

The exclusive reactionspp→pph and pp→ppv were
identified via thep1p2p0 decay of theh and v mesons
with partial widthsG/G tot50.232 andG/G tot50.888, respec-
tively @1#. For thepp→ppf reaction, thef was observed
via its K1K2 decay withG/G tot50.491. Since these chan
nels all have four charged particles in the final state~three
positive and one negative!, these events could be recon
structed by applying particle identification and kinematic
constraints on an event-by-event basis to the same samp
four track events.

FIG. 1. Schematic layout of the DISTO experimental appara
viewed from above. The large shaded area represents the effe
field region.
4-2
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1. Tracking

After calibration, the data from the magnetic spectrome
consist of a collection of points in space determined by
various detector components. Thus, the first major step in
data analysis is to determine the trajectories of the char
particles from the detector position information. In genera
particle’s trajectory is defined by five independent para
eters. These parameters can be chosen in numerous w
however they must span the space of allowed possibilit
The choice of track parameters used in this experimen
define the trajectories was motivated by the dipole magn
field geometry, and was based on a right handed coordi
system with its origin in the center of the target,ẑ in the
beam direction at the target, andŷ ~vertical! along the mag-
netic field direction. The five track parameters used werX

and Y to describe the intersection of the track with thex̂

2 ŷ plane through the origin,f to describe the angle of th
track’s projection onto thex̂2 ẑ plane at the point (X,Y,0),
m to describe the ratio of the particle’s momentum alongŷ to
the momentum in thex̂2 ẑ plane, andpxz for the reciprocal
of the momentum in thex̂2 ẑ plane.

The observed positions in the detectors can be calcul
as a function of these five parameters by detailed Mo
Carlo simulations of the detector performance. The goa
the tracking algorithm is to invert this function, i.e., dete
mine the track parameters from the measured position in
mation. This is done in a two step procedure: In the first s
~track-search! it is determined which hits belong together
form a track. Then, in the track-fit procedure the five tra
parameters are determined from the hits in an iterat
quasi-Newton procedure by interpolating within a matrix
reference trajectories.

2. Particle identification

Particle identification was achieved using the lig
output from the water Cˇ erenkov detectors, which provide
good p1-proton separation spanning a wide range of m
menta, as well asK6 identification in a restricted rang
above the kaon Cˇ erenkov thresholdpK,th 5 MKc/An221.
Water was chosen as the Cˇ erenkov radiator (n51.33, pK,th
5560 MeV/c) in order to match the momentum range
the kaons from the reactionpp→ppK1K2, which are dis-
tributed around 700 MeV/c.

The inclusive correlation of Cˇ erenkov amplitude versu
momentum is shown in Figs. 2~a! and 2~c! for negatively and
positively curved tracks, respectively. These figures hav
logarithmic intensity scale with a factor of 2.4 between
tensity contours. In Fig. 2~a! there is a clear band from th
p2 mesons. TheK2 mesons are not visible in this inclusiv
distribution because of the;105 larger pion yield. On the
other hand, there is already a weak indication of theK1

mesons in Fig. 2~c! in addition to the prominentp1 meson
and proton lines. The relative yield of a given kaon spec
can be enhanced by imposing two requirements on the
set: The first is that the oppositely charged meson is con
tent with being a kaon, and the second is 4-momentum c
servation for the given event hypothesis~i.e. pp
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→ppK1K2). The remaining yield after imposing these r
strictions is shown in Figs. 2~b! and 2~d!, where signals from
the K1 andK2 mesons are now clearly visible.

3. Event reconstruction

The data sample analyzed here with four charged parti
contained events from many different types of reactions. T
individual reactions were identified by a combination of pa
ticle identification of the charged particles in the final sta
and kinematic constraints on the measured particles.
charged particles in the final state, predominantly proto
pions, and kaons, were identified with the water Cˇ erenkov
detectors as described above. However, since the same
state could be produced via several reaction channels, k
matic conditions were required to discriminate among
particular reaction channels.

All reaction channels studied here contained at most
unmeasured particle in the final state, thus the measured
track events were kinematically complete. As a res
4-momentum conservation was imposed as a powerful c
straint to select events of a given hypothesis. For this
invariant mass and missing mass of various particle confi
rations were calculated: The invariant mass (M inv) is the
total energy in the reference frame of a given number
observed particles.M inv can be calculated from the total en
ergies ~E! and momenta (pW ) of the n individual particles
using the following formula:

~M inv!
25S (

i 51

n

Ei D 2

2S (
i 51

n

pW i D 2

. ~2!

The missing mass analysis was used to determine the

FIG. 2. Plots of the Cˇ erenkov light output versus particle mo
mentum for negatively@~a! and ~b!# and positively@~c! and ~d!#
charged particles. The figures on the left are inclusive distributi
and the figures on the right are the same distributions after requ
that the other Cˇ erenkov amplitude is consistent with kaon identi
cation and that the four observed particle momenta are consis
with 4-momentum conservation for the event hypothesisppK1K2.
4-3
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mass of an unobserved recoil particle. The missing m
(Mmiss) is given by the following formula:

~Mmiss!
25S Ebeam1M p2(

i 51

m

Ei D 2

2S pW beam2(
i 51

m

pW i D 2

,

~3!

where the indexi runs over allm observed particles. The
specific application of these constraints is discussed in
following sections.

The results presented here on the production of thef
meson were determined by selecting events of the typepp
→ppK1K2. For this event hypothesis, the proton-prot
missing mass (Mmiss

pp ) must equal the invariant mass of th
kaon pair (M inv

KK). Since all four particles in the final stat
have been measured, the event reconstruction has been
formed requiring that the four particle missing ma
(Mmiss

ppKK) be equal to zero. The distribution of (M inv
KK)2

2(Mmiss
pp )2 is plotted in Fig. 3 including kaon identificatio

~solid histogram! based on the Cˇ erenkov detectors. The pea
at (M inv

KK)22(Mmiss
pp )2'0 results from events consistent wi

the pp→ppK1K2 hypothesis, and is superimposed on
background resulting from imperfectp2K separation in the
Čerenkov detectors in a small fraction of events of the ty
pp→pK1L→ppK1p2 or pp→ppp1p2X. The dashed
histogram is an estimate of the background by scaling
inclusive distribution without kaon Cˇ erenkov requirements
by a factor 0.002 in order to match the data in Fig. 3 abo
0.15 GeV2/c4. The background from nonppK1K2 final
states comprises only about 2.2% of the yield in the ra
u(M inv

KK)22(Mmiss
pp )2u,0.09 GeV2/c4, which marks the

range where events were accepted for the further analys
The exclusive reaction channelpp→ppv was measured

via the v→p1p2p0 decay and was selected by a missi
mass analysis since thep0 decays primarily into two photon
(Ggg /G tot50.988) which are not detected in the spectro
eter. Events of the typeppp1p2p0 were selected by firs
requiring that the Cˇ erenkov amplitudes associated with t
four charged tracks be consistent with the hypothe

FIG. 3. Distribution of (M inv
KK)22(Mmiss

pp )2 for the event hypoth-
esis pp→ppK1K2. The dashed histogram is an estimate of t
background by scaling the inclusive distribution without applyi
kaon Čerenkov requirements.
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ppp1p2. Furthermore, background from four body rea
tions of the typeppp1p2 with Mmiss

pp ;Mv is partially sup-
pressed by requiring the invariant mass of the pion pair

fulfill ( M inv
p1p2

)2,(Mv2Mp0)2. After these requirements
the distribution of the four particle missing mass squa

(Mmiss
ppp1p2

)2 versus the proton-proton missing mass (Mmiss
pp )2

is shown in Fig. 4 with a linear scale for the intensity co
tours. As seen in this figure, there is a very strong signal

the pp→ppv→ppp1p2p0 reaction at (Mmiss
ppp1p2

)2

'(Mp0)2 and (Mmiss
pp )2'(Mv)2. The projection of this dis-

tribution onto the (Mmiss
pp )2 axis is shown in the lower frame

of Fig. 4 with the additional requirement that (Mmiss
ppp1p2

)2

'(Mp0)2. In this figure, there are clear peaks from t
p1p2p0 decay of theh and v mesons. The structure a
very low (Mmiss

pp )2 is due to contamination of four bod
events of the typeppp1p2.

C. Acceptance correction

The relative acceptance of the apparatus for thepph,
ppv andppK1K2 production channels has been evalua
by means of Monte Carlo simulations, which after digitiz
tion, were processed through the same analysis chain a
measured data. The relative acceptance could be determ
independent of the actual phase space distribution of the
ticles in the final state, because the following two requi
ments are fulfilled with the DISTO spectrometer:~i! the de-
tector acceptance was determined as a function of
relevant degrees of freedom in the final state, and~ii ! after
accounting for the azimuthal and reflection symmetries,
detector acceptance was nonzero over the full kinematic
allowed region.

FIG. 4. Distribution of (Mmiss
ppp1p2

)2 versus (Mmiss
pp )2 ~upper

frame!. The lower frame shows prominent peaks from theh andv
mesons in the projection onto the (Mmiss

pp )2 axis after requiring

(Mmiss
ppp1p2

)2'(Mp)2.
4-4
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TABLE I. Kinematic variables and the number of bins per variable associated with the accep
correction matrices for theppK1K2 final state~matrices A and B!, and for theppX final states, whereX
5h,v.

Kinematic variable (M inv
p1X)2 (M inv

p2X)2 Qc.m.
X fc.m.

X Cc.m.
pp M inv

KK QX
K fX

K

Matrix A (X5K1K2) 4 4 1 1 4 1 10 4
Matrix B (X5K1K2) 1 1 10 1 4 40 1 1
pp→ppX(X5h,v) 10 10 20 1 4
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In order to determine the detector acceptance, the rele
degrees of freedom were each subdivided into a spe
number of bins, thus defining a multidimensional matr
Next, the number of both the generated and the reconstru
events from the simulations were stored in separate copie
this matrix. Finally, the bin-by-bin ratio of the number o
generated to the number of reconstructed events provided
efficiency correction matrix.

When analyzing the data the acceptance correction pr
dure was performed on an event-by-event basis by first
termining the phase space bin of the particular event
then incrementing the distributions by the corresponding
ceptance correction factor from the acceptance correc
matrix described below. These correction factors include
appropriate partial widths and the simulations account for
lifetime and different decay modes of all unstable partic
involved.

1. ppK¿KÀ final state

Although there are in general 16 degrees of freedom
four particles in the final state, numerous constraints e
which significantly lower the total number of independe
degrees of freedom. For instance, particle identification
4-momentum conservation reduce the number of degree
freedom to 8 for theppK1K2 final state. The remaining
degrees of freedom can be parameterized in numerous w
with the only restriction that the variables chosen must s
the space of allowed possibilities.

Without loss of generality the eight kinematic degrees
freedom for theppK1K2 final state can be parametrized
if the reaction proceeded in two steps, i.e.,pp→p1p2X
→p1p2K1K2. In this case, five variables can be used
describe the three body systemppX, and the remaining three
degrees of freedom are then required to uniquely determ
the decay of the intermediate stateX. This choice of kine-
matic variables provides a complete basis and does no
quire that the reaction actually proceeds via the intermed
stateX. TheppX system is parametrized by the two invaria
mass combinations (M inv

p1X)2 and (M inv
p2X)2 ~i.e., Dalitz plot

variables of theppX system!, and three Euler angles to de
scribe the orientation of theppX decay plane in the center o
mass reference frame~c.m.!: the polar and azimuthal angle
of theX intermediate stateQc.m.

X , fc.m.
X , and a rotation of the

ppX decay plane around the direction ofX, cc.m.
pp . Further-

more, three variables are required to describe the decay oX:
the massMX5M inv

KK , and the emission angles of one of th
kaons in theX reference frameQX

K and fX
K where these
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angles are measured relative to the beam direction.1 The
beam direction is chosen as the reference direction for thX
decay to facilitate comparison in Sec. III B with simple e
pectations forf-meson decay when it is produced ne
threshold inpp reactions.

The differential cross section forX production must be
isotropic as a function of the azimuthal anglefc.m.

X . There-
fore, in the simulationsfc.m.

X has been integrated with a
isotropic distribution to determine the detector acceptanc
a function of the remaining seven degrees of freedom.

Due to the high dimensionality of this problem, even
small number of bins per kinematic variable result in an
ceptance correction matrix that is too large to calculate w
the available computational facilities. For a subdivision
each degree of freedom intoN510 bins, and an average o
M520 000 events simulated per bin of the acceptance
trix, a total ofM3N7'231011 would have to be simulated
Thus, in order to explore the dependence of the dete
acceptance on the remaining seven kinematic variables,
subsets of the general acceptance correction matrix~matrix A
and matrix B! have been generated by integrating over s
eral of the kinematic variables as discussed below and s
marized in Table I.

The simulations for matrix A contain two simplification
in order to make the calculations tractable. The first simp
fication is the requirement that the mass of the intermed
stateX be equal to thef meson mass. Of course this requir
ment restricts the use of matrix A to theppf reaction only;
however, little systematic error is introduced because
shape of the mass distribution of thef meson is well known
and the detector acceptance varies little over it. Furtherm
an isotropic angular distribution of the differential cross se
tion for f meson production versusQc.m.

f has been assume
for matrix A. This assumption is consistent with the obs
vation that this angular distribution turns out to be isotrop
when matrix B ~see below!, which includes explicitly the
Qc.m.

X dependence, is used for the acceptance correc
Therefore, in the simulations to calculate matrix A, the int

1The following conventions are used to label the various ang
that appear in this report:Q corresponds to polar angles measur
with respect to the beam axis, andC corresponds to polar angle
measured with respect to any other quantization axis, which wil
explicitly stated. Azimuthal angles are labeled byf andc, respec-
tively. The subscript denotes the reference frame in which the a
in measured, and the superscript denotes the particle being
sured.
4-5
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mediate stateX was given thef meson mass and the angul
variablesQc.m.

X andfc.m.
X were integrated over with isotropi

distributions when determining the acceptance as a func
of the remaining five variables.

In order to overcome the restrictions on the usage of
acceptance correction matrix A mentioned above, the av
able degrees of freedom in theppK1K2 final state were
subdivided differently, as listed in Table I, resulting in th
acceptance correction matrix B. Here the variablesM inv

KK and
Qc.m.

X were explicitly included in matrix B. However, an iso
tropic distribution for the decayX→K1K2 was used in or-
der to reduce the dimensionality of the matrix to a solva
level. The validity of using an isotropic decay ofX
→K1K2 can be judged by the data presented in Sec. II
using matrix A. Furthermore, the variables (M inv

p1X)2 and

(M inv
p2X)2 were integrated over with a weighting according

three body phase space. This was motivated by the obse
tion that the physical distributions show only small dev
tions from isotropy and double checked to give consist
results with a different generator for theppX system.

2. ppp¿pÀp0 final state

For the measurements of theh andv meson production
there are five particles in the final state of each channel
served. The 20 degrees of freedom associated with five
ticles are reduced to 12 because of 4-momentum conse
tion and four particles have been identified. Two furth
degrees of freedom are eliminated by requiringMmiss

pp

5Mh,v , respectively, andMmiss
ppp1p2

5Mp0. Of the remain-
ing 10 degrees of freedom, five are related to theppX sys-
tem whereX5h,v and five to the corresponding decayX
→p1p2p0.

The ppX system is parametrized by the Dalitz plot va
ables (M inv

p1X)2 and (M inv
p2X)2, as well as three Euler angles

describe the orientation of theppX decay plane:Qc.m.
X ,

fc.m.
X , and cc.m.

pp . As discussed above, the differential cro
section is isotropic infc.m.

X , thus there are in effect fou
independent degrees of freedom plus those associated
the decay of the mesonX. The matrix element associate
with the v→p1p2p0 decay was taken from@46# and veri-
fied to be consistent with the data from@47,48#, thus allow-
ing the corresponding variables to be integrated over.
matrix element for theh decay was taken from@49–51#.
Furthermore, we have assumed an isotropic orientation o
v decay plane, which was verified to be consistent with
data. Thus, four dimensional efficiency matrices were ca
lated for theh andv production reactions, as summarized
Table I.

Although all bins that are kinematically allowed have
finite acceptance, there are some phase space bins with
low acceptance. These bins are associated with backw
emission of theh or v meson~in the c.m. frame!. Because
the initial system involves two identical particles, the phy
cal distribution must have a symmetry aboutQc.m.

X 590°.
Thus, in order to reduce the systematic error associated
the very large acceptance corrections at backward angle
integrated cross section results for theh andv meson pro-
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duction were calculated for the forward hemisphere o
~and then multiplied by two!. The differential cross section
however could be extended to backward angles, up to
limits of where the acceptance correction method remai
valid, thereby providing an additional check of the calcu
tions.

D. Absolute normalization

The absolute cross section normalization was determi
by measuring the yield of a given channel relative to that
a simultaneouslymeasured channel with known cross se
tion. This method to determine the absolute normalizat
was chosen because it reduced the large systematic u
tainty associated with the absolute calibrations of both be
intensity and trigger efficiency. For this work the referen
channel was the reactionpp→pph, for which a large
amount of existing data@52–63# are summarized in the uppe
frame of Fig. 5.

In order to provide the absolute cross section calibrati
the existing published data were interpolated to estimate
h production cross section at the beam momentum of
present measurement. The solid and dashed curves pres
in the upper frame of Fig. 5 correspond to two differe
parametrizations of the measured cross section values.
solid curve corresponds to a polynomial of sixth order a
the dashed curve corresponds to a parametrization of the
lowing form:

FIG. 5. Exclusive cross section as a function of the total c
energy above threshold for the reactionpp→pph ~upper frame!
and of the reactionpp→ppv ~lower frame!. The data points are
referenced in the text. The solid and dashed curves in the u
frame are parametrizations of the data in order to estimate thh
meson production cross section at the energy in this experim
which is marked by the vertical dotted line. The filled square in
lower frame is the result of this experiment. In the lower frame
dashed curve shows the c.m. energy dependence of the three
(ppv) phase space volume. The solid curve additionally includ
the finite width of thev meson and the proton-proton final sta
interaction~FSI!.
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TABLE II. List of systematic error sources and their effect for the various measured particle ratio

Systematic error f/v v/h K1K2/h f/h

Acceptance correction 5% 5% 5% 5%
v background 15% 15%
h background 15% 15% 15%
f background 15% 15%
Trigger bias 10% 10% 10%

Tracking efficiency 10% 10% 10% 10%
Drift in electronics 10% 10% 10% 10%

K1K2 identification 10% 10% 10%
p1p2 identification 10% 5% 10% 10%

Total 32% 27% 27% 32%
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, ~4!

whereAs05(2M p1Mh) is the c.m. energy at theh meson
production threshold, anda,b andc are free parameters. Th
vertical dotted line marks the available energy (Q
50.554 GeV) of this measurement.

Both parametrizations describe the existingh total cross
section data well with the exception of the measuremen
pbeam52.8 GeV/c by Pickupet al. @56#, which is underesti-
mated. In the upper frame of Fig. 5, both values cited in R
@56#, for identification via the h→p1p2p0 and h
→neutralsdecay channels are plotted at the correspond
c.m. energy above thresholdQ50.275 GeV. This discrep
ancy has been neglected since that measurement@56# is sub-
ject to a large systematic error associated with a quite s
stantial background subtraction. The average of these
interpolations atQ50.554 GeV is our estimate of 13
635 mb for the total cross section of the reactionpp
→pph at our beam momentum. The systematic error fr
the absolute normalization (626%) is determined from the
range of the parameterizations and is similar to or sma
than the systematic error from the combination of all oth
sources~i.e., 32% for thef/h ratio, see Table II!. Further-
more, our estimate is in good agreement with one bo
exchange model calculations by Vetteret al. @64#, who pre-
dict '120 mb at this energy.

E. Systematic errors

Due to the large amount of data collected, the statist
errors are relatively small, and the experimental error
dominated by systematic uncertainty and systematic b
This section summarizes the effects studied to estimate
magnitude of the systematic uncertainty, as well as syst
atic deficiencies of the acceptance correction method
trigger bias.

Systematic uncertainty of the results quoted here h
been studied in detail for the following effects.

For the acceptance corrections, the statistical uncerta
of the simulations has been studied by comparing the rec
structed particle ratios using acceptance correction matr
based on different subsets of the simulated data. Furt
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more, effects due to the finite binning of the kinematic va
ables, as well as the finite detector resolution have been
sidered. Moreover, an additional cross check of
acceptance corrections was provided by the observation
the totalf meson yield is identical~within the error range!
when determined using both acceptance correction matr
A and B.

A significant source of uncertainty is related to the mes
yield determination~back- ground subtraction and pea
shape parametrization!. This effect was studied by varying
the parametrization of the line shapes and background
well as by varying the fit ranges.

The four track trigger used to record the data presen
here had a slightly different efficiency forppp1p2 and
ppK1K2 events. Although this effect has been correct
for, as discussed below, effects such as noise and cross
in the multianode photomultipliers used for readout of t
scintillating fiber detectors introduce an uncertainty to t
magnitude of this correction, which we denote as ‘‘trigg
bias.’’

Similarly, the tracking efficiency of the data analysis pr
cedure may vary slightly between measured and simula
data, primarily due to uncertainty of the actual wire chamb
efficiency. In particular, the single track efficiency and co
related efficiency losses due to small spatial separation
tween tracks have been studied in detail.

Since the data presented here were collected over an
tended period of time, residual efficiency losses due to lo
term drifts in the calibration of the electronics may rema
This effect was examined by comparing the reconstruc
particle ratios in temporally separated subsets of the dat

Finally, uncertainty arising from the particle identificatio
in the Čerenkov detectors and the kinematic conditions h
been estimated by comparing the efficiency loss due to e
individual restriction between the simulated and the m
sured data.

These results are summarized in Table II. The total s
tematic uncertainty quoted is determined by quadratica
adding the individual terms applicable for a given measu
cross section ratio.

In addition to the systematic uncertainty, several effe
lead to a systematic bias of the calculated cross section
tios. To estimate the magnitude of the systematic bias
4-7
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F. BALESTRA et al. PHYSICAL REVIEW C 63 024004
have examined the following effects.
The liquid hydrogen target was contained in a vesse

which background reactions were produced. These ‘‘non
get’’ events could be well separated by the vertex location
those events with complete scintillating fiber informatio
Since this separation was not possible in the remain
'50% of the events, the relative contamination determin
in those events with full fiber information was subtract
from the complete data sample.

The data collection trigger required that three of the fo
charged particles must be observed in the scintillating fi
detectors. Since the fiber detectors had a different resp
for minimum ionizing pions compared to kaons, which we
slower, the trigger efficiency was higher forppK1K2 events
than for ppp1p2 events. The variation of the fiber effi
ciency has been studied as a function of particle veloc
The magnitude of the trigger bias was thus determined
combining the average kaon and pion efficiencies with
‘‘three of four’’ trigger condition and an estimate of the cro
talk in the fiber detectors.

Finally, in the data analysis, conditions were placed
the Čerenkov amplitude of the individual tracks, as well
on several kinematical quantities. The efficiency with whi
a particular event type is accepted by all these condition
strongly related to the detector resolution, which may be
perfectly modeled in the simulations, leading to a bias in
efficiency correction matrices. The magnitude of this eff
was examined for each meson production reaction by c
paring the acceptance loss from each individual selection
terion in the data to the simulations.

The individual contributions to the systematic bias a
summarized in Table III as the factor by which they mod
the given particle cross section ratio. Based on these con
erations, the reconstructedf/v, f/h, andv/h cross section
ratios have been multiplied by the factors 0.97, 0.98, a
1.02, respectively, to account for the systematic bias.
correction factor for the totalK1K2/h cross section ratio is
the same as for thef/h ratio.

III. RESULTS

After full acceptance corrections, the relative yields f
exclusive h,v, and f meson production in proton-proto
reactions at 3.67 GeV/c have been determined. These r
sults are summarized in Table IV, including the statisti
and systematic error, and have been combined with the

TABLE III. List of systematic biases and their effect for th
various measured particle ratios.

Systematic bias f/v v/h f/h

Nontarget events 1.05 1.00 1.05
Trigger bias 0.93 1.00 0.93

f identification 1.07 - 1.07
v identification 0.93 1.08
h identification 0.94 0.94

Total 0.97 1.02 0.98
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soluteh meson production cross section~see Sec. II D! to
determine the absolute cross section results presented be

A. v meson production

Using theh meson yield as the absolute normalization,
discussed above, the total cross section for the reactionpp
→ppv is determined to be (5063216

118) mb with the statis-
tical and systematical error, respectively. This value is p
ted as the solid point in the lower frame of Fig. 5. The oth
data points are from Refs.@58–63,65#.

The dashed curve shows the energy dependence ac
ing to three-body (ppv) phase space and has been norm
ized to the point directly above this measurement~i.e., As
2As050.41 GeV). The solid curve shows the expected
havior when taking into account the finite width of thev
meson and the proton-proton final state interaction~FSI!
@66,67#. Although the energy of this experiment is suffi
ciently high that pureS wave production is not expected,
smooth variation of the cross section withAs is expected
since there are no known baryonic resonances with sig
cant branching ratios topv. Thus, the good agreement of th
total cross section forv meson production determined he
with the curves in the figure, is a strong indication that t
absolute normalization used here does not introduce an e
larger than the quoted systematic error. Furthermore, our
sult is in good agreement with the value (4567) mb deter-
mined in @67# by an interpolation between the existing da

The differential cross-section forv meson production has
been plotted versus cosQc.m.

v in Fig. 6. This distribution has
been fit with the sum of the first three even Legendre po

TABLE IV. Ratios of the total meson production cross sectio
for various reaction combinations including the corresponding
tistical and systematic uncertainties. N.B., the values and er
corresponding to thef/h andf/v ratios have been multiplied by
103.

Ratio Statistical error Systematic error

v/h 0.37 60.02 10.120.08
f/h3103 1.42 60.1 10.4520.34
f/v3103 3.8 60.2 11.220.9

FIG. 6. Differential cross section~in the c.m. frame! for the
pp→ppv reaction as a function of cosQc.m.

v . The solid curve is a
fit to the data with the sum of the first three even Legendre po
nomials.
4-8
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nomialsPi . The best fit has been obtained with the expr
sion below and shown as the solid curve in the figure:

ds

dV
5~4.060.1!P01~3.160.2!P2

1~2.060.2!P4 ~mb/sr!. ~5!

Due to the symmetry of the incoming channel, this angu
distribution must have a reflection symmetry abo
cosQc.m.

v 50. Despite the strong variation of the detector a
ceptance withQc.m.

v , this symmetry is observed in the dat
providing a very important confirmation of the validity of th
detector acceptance correction method. The deviations f
isotropy indicate that partial waves up toL52 for the v
meson relative to thepp system are involved in the produc
tion mechanism. Further information such as from polari
tion degrees of freedom are however required in orde
make a quantitative measure of the relative partial wave
plitudes.

B. f meson production

The M inv
KK distribution is shown in Fig. 7 after applicatio

of the acceptance correction matrix B~which explicitly in-
cludes M inv

KK) and the absolute normalization discuss
above. This distribution has been analyzed to determine w
fraction of the yield is due to nonresonantK1K2 production
and what fraction has been produced via thef resonance.
The dashed curve shows the estimated nonresonant con
tion. The shape of this contribution is given by theM inv

KK

distribution for final states distributed according to four p
ticle phase space (ppK1K2). The shape of the resonant co
tribution is given by the natural line shape of thef meson
folded with a Gaussian to account for the detector resolut
The width of this Gaussian iss53.360.5 MeV, in good
agreement with the simulations (s53.460.1 MeV). The
total cross section for thepp→ppK1K2 reaction, as well as
the resonant and nonresonant contributions are summa
in Table V. In addition, the total cross section forf meson

FIG. 7. Acceptance correctedM inv
KK distribution. The dashed

curve is an estimate of the nonresonant contribution, and is b
on the M inv

KK dependence of four body phase space (ppKK). The
solid curve is the sum of the nonresonant and thef meson contri-
butions.
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production has been included after correcting for the bran
ing ratio (GK1K2 /G tot50.491) and rounding to two signifi
cant digits.

The ppf final state can be defined by two angular m
menta,l 1 is the orbital angular momentum of the two nucl
ons relative to each other andl 2 is the orbital momentum of
the f meson relative to the two nucleon c.m. system.
threshold theppf final state has the orbital angular mo
mental 15 l 250.

The differential cross section forf meson production is
plotted versus cosQc.m.

f in Fig. 8. This distribution must be
symmetric around cosQc.m.

f 50. The fact that the observe
distribution is indeed symmetric about cosQc.m.

f 50 ~within
the error bars!, as it was already observed in Fig. 6 for th
angular distribution for thev meson, is an additional consis
tency check for the validity of the acceptance correctio
Furthermore, no significant deviations from isotropy are se
in these data, indicating that thef is predominantly in anS
wave state relative to the two protons~i.e., l 250). This ob-
servation is in good agreement with the expectations of
kalo et al. @68# who claim l 250 up to a f meson c.m.
momentum ofpf* <MKc which corresponds to an availab
energyQ'178 MeV~in comparison, this measurement is
Q583 MeV).

Moreover, Rekalo suggests that thepp system may be
excited to higher partial waves at much smaller energ
above threshold than needed to excite thef meson relative
to the protons~i.e., l 151,l 250 should occur at lower ener
gies thanl 150,l 251). To test this expectation the proton
proton angular distribution has been evaluated for the ev
with f meson production. In the upper frame of Fig. 9, t
differential cross section is plotted as a function of the po

ed

TABLE V. Total production cross section for the reactionpp
→ppK1K2 at 3.67 GeV/c and for the resonant (f meson! and
nonresonant contributions, together with the statistical and syst
atic error, respectively.

Production channel Cross section@mb#

NonresonantK1K2 0.1160.00960.046
f→K1K2 0.0960.00760.04

Total K1K2 0.2060.01160.08
(f→K1K2)3G tot /GK1K2 0.1960.01460.08

FIG. 8. Differential cross section forf meson production as a
function of cosQc.m.

f .
4-9
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F. BALESTRA et al. PHYSICAL REVIEW C 63 024004
angle under which the protons are emitted relative to
beam, measured in the proton-proton reference frame. H
the observed angular distribution is consistent with be
isotropic. On the other hand, the proton-proton angular
tribution exhibits a significant deviation from isotropy, whe
measured relative to the direction of thef meson, as pre-
sented in the lower frame of Fig. 9. This distribution h
been parametrized with the sum of the first three even L
endre polynomials as listed below and shown as the s
curve in the figure:

ds

dV
5~15.060.9!P01~5.162.2!P2

2~0.763.6!P4 ~nb/sr!. ~6!

Odd Legendre polynomials have been omitted due to
reflection symmetry of the finalpp state about its c.m. mo
tion direction, which is opposite thef momentum in the
overall c.m. frame. These data are well described by us
only the lowest two Legendre polynomials, as evident by
large uncertainty associated with theP4 coefficient. These
results indicate that partial waves up tol 151 are involved in
the proton-proton exit channel.

The momentum distribution of the particles in the fin
state is also related to the relative partial wave contributi
in the ppf system. Definingp to be the momentum of a
proton in thepp reference frame andq to be the c.m. mo-
mentum of thef meson, the total cross section can be w
ten as the sum of the individual partial wave contributio
@69#:

FIG. 9. ~Upper frame! Differential cross section for thepp
→ppf reaction plotted as a function of cosQpp

p , measured in the
pp reference frame relative to the beam direction.~Lower frame!
Differential cross section for thepp→ppf reaction plotted as a
function of cosCpp

p , measured in thepp reference frame relative to
the direction of thef meson. The solid line is a fit to the data wit
the sum of the first three even Legendre polynomials.
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l 1 ,l 2

E uMl 1 ,l 2
u2dr l 1l 2

. ~7!

HereMl 1 ,l 2
is the matrix element for a given final state wi

angular momental 1 ,l 2, anddr l 1l 2
is an element of the three

body phase space which is given by the following formul

dr l 1l 2
;p2l 111q2l 212dq, ~8!

where the proton momentum is given by

p5Aqmax
2 2q23A1

4
1

mp

2mf

, ~9!

and the maximum c.m. momentum of thef meson and the
available energy are

qmax5A4mpmfQ

mf12mp
, Q5As2As0. ~10!

Assuming that the matrix elements have little variati
across the available phase space, then the expected diff
tial cross sections as a function ofq andp are proportional to
the variation of the three body phase space withq andp. To
illustrate this, thef meson differential cross section is plo
ted in the top frame of Fig. 10 as a function ofq. The dashed
curve shows theq dependence of the three body phase sp
for l 15 l 250, which was normalized to give the smallestx2

relative to the measured data. This curve describes the
well. In contrast, the first moment of the dotted curve whi
denotes the case where thef meson is in aP wave relative

FIG. 10. Differential cross section for theppf reaction as a
function of the c.m. momentumq of the f meson~upper frame!,
and as a function of the proton momentump in the pp reference
frame~lower frame!. The dashed curves denote the behavior of
three body phase space when thef meson is in aSs wave state
~i.e., l 15 l 250) relative to the protons. The dotted curves cor
spond to the phase space distribution forl 150, l 251 ~upper
frame! and for l 151, l 250 ~lower frame!. The solid lines repre-
sent a simultaneous fit to both sets of data presented here with
combination ofS andP wave contributions in thepp exit channel.
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f AND v MESON PRODUCTION INpp REACTIONS AT . . . PHYSICAL REVIEW C 63 024004
to the nucleons (l 150, l 251) is significantly higher than
for the data. These results are consistent with the observa
from the data of Fig. 8 that thef meson is in a nearly pure
S wave state relative to the protons.

Although the l 15 l 250 case describes the data well,
slightly better description of the data is generated by incl
ing P wave contributions in the proton-proton system~i.e.,
l 150,1 andl 250). The relative contributions ofl 150 and
l 151 has been determined by a combined fit~solid curve! to
the data in the top frame of Fig. 10 together with the diffe
ential cross section as a function ofp, which is shown in the
lower frame of Fig. 10. The dashed curve in Fig. 10 deno
the behavior of three body phase space forl 15 l 250. In this
case the data appear to have a significantly higher first
ment of p, and as a result, the best description of the d
includes aP wave contribution in thepp system. A simulta-
neous fit to theds/dp andds/dq data~solid curve! yields
the following ratio of the mean matrix elements for thel 1
51, l 250 to thel 15 l 250 states:

uM10u2

uM00u21uM10u2
50.2860.07. ~11!

Further confirmation that higher partial waves are
volved in f meson production at this beam momentum c
be taken from the angular distribution of the daughter ka
from f meson decay. At threshold~i.e., l 15 l 250) the Pauli
principle requires the outgoing protons to be in a1S0 state,
and thus the total angular momentum and parity of the s
tem must beJp512. In this case, angular momentum an
parity conservation require thepp entrance channel to be i
a 3P1 state. Since the orbital projection along the beam
rectionmL50 for the incident plane wave, the angular m
mentum coupling coefficients require the incidentpp spin,
and hence the outgoingf meson spin, to be aligned alon
the beam axis@7,19,68#. Consequently, the angular distribu
tion of the daughter kaons in thef meson reference fram
must display a sin2Qf

K distribution relative to the beam direc
tion. At finite energies above threshold the spin alignmen
the f meson is diluted by contributions from higher part
waves, thereby modifying the expected angular distribut
of the daughter kaons.

Thef meson spin alignment can be quantified by the s
density matrix. The elements of the spin density matrix
related to the emission angles of the kaons from thef meson
decay. After integrating over the azimuthal emission an
(ff

K) and imposingr115r2121 andr111r001r212151.0,
the diagonal elements of the spin density matrix are rela
by the following formula to the angular distribution of th
daughter kaons~see, e.g.@19#!:

W~Qf
K!5

3

2
@r11 sin2 Qf

K1r00 cos2 Qf
K#. ~12!

The differential cross section for thepp→ppf reaction
has been evaluated and is presented in Fig. 11 as a fun
of cosQf

K , based on acceptance matrix A described in Ta
I. The dotted curve in this figure represents an isotropic d
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tribution and the dashed curve corresponds to a sin2 Qf
K dis-

tribution, which is the expected behavior at threshold due
the complete alignment of thef meson spin~i.e., r00
50.0). Within the statistical errors, the measured data
not consistent with the sin2 Qf

K distribution. The solid curve
is a fit to the data with Eq.~12!, from which the spin density
matrix elementr0050.2360.04 is determined. The deviatio
of r00 from the threshold value, together with the result p
sented in Eq.~11! and the lower frame of Fig. 9, indicates
significant admixture of3P1,2 partial waves in the outgoing
protons forf meson production at this beam momentu
(3P0 is forbidden in conjunction withl 250, since it would
require a 11 pp entrance channel.!

Although the angular distribution shown in Fig. 11 dev
ates from isotropy, the deviation is sufficiently small that
justifies as a reasonable approximation the neglect ofQf

K in
acceptance matrix B, used for the total cross section de
mination.

IV. DISCUSSION

The ratio of the measured total cross sections for thepp
→ppf and pp→ppv reactions presented in this report
plotted as the filled square in Fig. 12 in comparison to
other existing data at higher energies@40–43#. This data
point is lower than the other data at higher energy. This
primarily due to the different mass of thef andv mesons,
and the thereby ensuing strong variation of the ratio of av
able three body phase space volume near thef meson
threshold. These data are compared to a prediction base
a naive application of the OZI rule, including the variation
the available phase space~dashed curve!. The data point
from this measurement is enhanced by roughly one orde
magnitude relative to the OZI prediction corrected for t
available phase space volume.

The f/v ratio presented here is based on cross sect
measured at the same beam momentum. In order to re
uncertainty related to the different phase space volumes,

FIG. 11. Differential cross section for theppf reaction plotted
as a function of the cosine of the polar angle of the daughterK1

mesons measured in thef meson reference frame, relative to th
beam direction. The curves represent different assumptions for
f meson spin alignment along the beam axis: zero alignment~dot-
ted!, full alignment as expected at threshold~dashed!, and a fit to
the data based on partial alignment~solid!.
4-11
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tial wave amplitudes, and proton-proton final state inter
tions, it is useful to compare thef/v cross section ratio a
the same c.m. energy above threshold. An evaluation ba
on the solid curve in the lower frame of Fig. 5 indicates th
the cross section for thepp→ppv reaction is about 8.5mb
at the same c.m. energy above threshold as for thef meson
in this measurement~i.e., Q583 MeV). In this case the
f/v ratio would only be enhanced by about a factor 5 re
tive to the OZI rule, in agreement with the higher ener
data.

The solid curve in Fig. 12 is a calculation from Sibirtse
et al. @18# using a one pion exchange model and includ
the proton-proton final state interaction. These calculatio
which describe the higher energy data well, have an ene
dependence similar to the ratio of available phase space,
underestimate our point by about a factor of three. Usingp
2N data, Sibirtsev@67# extracts a ratio of the transition am
plitudes for ppv to ppf production R5uMvu/uMfu58.5
61.0. Assuming thatR is independent ofAs near threshold,
this calculation predicts thef meson cross section to b
(77616) nb atQ583 MeV. A similar model by Chung
et al. @70# including off-shell features of the pion and inte
ference between the direct and exchange diagrams pre
about 30 nb at this beam momentum. After applying
rather uncertain absolute normalization to our data~see Sec.
II D !, these predictions can be compared to our measu
value of 190614680 nb.

Another approach by Nakayamaet al. @17# explicitly in-
cludes not only the mesonic current due to thepr→f cou-
pling, but also the nucleonic current where thef meson
couples directly to the nucleon. The observed angular dis
bution, which is nearly isotropic, indicates a dominance
the mesonic current in contrast to the cos2 Qc.m.

f distribution
expected for the nucleonic current. As a result of the do
nance of the mesonic current, they can not extract a un
value for the coupling constantgNNf . In a similar model by
Titov et al. @19,71#, our total cross section and differenti
cross section as a function ofQc.m.

f can also be reproduce

FIG. 12. Ratio of the total cross sections for theppf andppv
reactions as a function of the c.m. energy above thef production
threshold. Shown is the value measured in this work~square! to-
gether with data at higher energies and model calculations
scribed in the text.
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without requiring an enhancement ofgfNN over the OZI rule
prediction. The importance of the correlatedp2r coupling,
and the small value ofgNNf have both been predicted b
Meißneret al. @15# to result from large cancellations betwee
intermediate kaon and hyperon graphs.

Although the value ofgfNN is only poorly determined a
this point, due to uncertainties in the calculations it appe
as though our measured data can be explained without in
ing a large explicit violation of the OZI rule. Nevertheles
the large decay widthGf→pr violates the OZI rule itself and
requires kaon loop diagrams for a quantitative explanat
@72#. Thus, all these solutions require a dominant role
intermediate states with open strangeness, thereby indica
that there must indeed be a significant amount of strange
quarks available in reactions involving protons.

Ellis et al. claim that the enhancedf meson production
observed inp̄p reactions proceeds dominantly through t
‘‘rearrangement’’ process@11#. To a large degree this is
based on the observation that the enhancedf yield is
strongly correlated to the initial spin triplet state inpp̄ anni-
hilation @38#. Recent results onn̄p annihilation in flight@73#

and p̄d Pontecorvo reactions@74# support this hypothesis
According to their model, the ‘‘shake-out’’ process shou
not depend upon the initial spin state, and the ‘‘rearran
ment’’ process should dominantly occur in the spin trip
state for polarized strange sea quarks, in agreement with
data. Following this argumentation,f meson production in
proton-proton reactions is also expected to be strongly c
related with the spin triplet initial state.

Directly at threshold, the proton-proton entrance chan
must be in a3P1 state due to parity and angular momentu
conservation, and consequently, the spin of thef meson is
aligned along the beam axis. AtQ583 MeV we observe the
spin density matrix elementr00 to have a large deviation
from the threshold prediction. This deviation is in qualitati
agreement with the dilution of the spin alignment expec
due to the observed contribution of thel 151 partial wave in
the exit channel, and suggests that a significant fraction
the f meson production at this beam momentum proce
via the spin singlet1S0 and 1D2 entrance channels.

TABLE VI. Differential cross sections forv ~left two columns!
and f ~right two columns! meson production as functions o
cos(Qc.m.

v ) and cos(Qc.m.
f ), respectively.

cos(Qc.m.
v ) ds/dV @mb/sr# cos(Qc.m.

f ) ds/dV @nb/sr#

20.9 20.9 8.6629.5
20.7 3.562.0 20.7 15.364.5
20.5 3.360.4 20.5 17.463.3
20.3 2.960.34 20.3 16.662.0
20.1 3.060.29 20.1 17.262.0

0.1 3.160.23 0.1 13.361.5
0.3 2.960.13 0.3 16.661.4
0.5 3.360.07 0.5 14.561.2
0.7 3.960.09 0.7 15.461.2
0.85 5.460.1 0.9 16.261.2
0.95 8.060.1

e-
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TABLE VII. Differential cross sections for thepp→ppf reaction as a function of the angle of a proto
measured in thepp reference frame relative to the beam direction~left two columns! and relative to the
direction of thef meson~center two columns!. The right two columns tabulate the differential cross sect
as a function of the polar angle of the daughterK1 meson, measured in thef meson reference frame, relativ
to the beam direction.

cos(Qpp
p ) ds/dV @nb/sr# cos(Cpp

p ) ds/dV @nb/sr# cos(Qf
K1

) ds/dV @nb/sr#

20.875 15.462.5 20.875 18.762.7 20.875 10.362.4
20.625 16.261.7 20.625 17.163.8 20.625 15.561.6
20.375 15.361.9 20.375 14.262.8 20.375 16.461.7
20.125 14.861.8 20.125 11.862.4 20.125 17.461.3

0.125 15.961.9 0.125 12.261.9 0.125 17.661.6
0.375 14.161.6 0.375 14.462.2 0.375 15.062.0
0.625 15.861.8 0.625 14.562.4 0.625 16.261.8
0.875 13.561.5 0.875 18.062.9 0.875 12.662.7
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V. SUMMARY AND CONCLUSIONS

In this paper total and differential cross section values
the production off andv mesons in proton-proton reaction
at 3.67 GeV/c are presented. The total cross section ratio
these mesons is observed to be about an order of magn
larger than expected from predictions based on a naive
plication of the OZI rule. This enhancement is slightly larg
than the data measured at higher beam momenta, how
significant uncertainty remains regarding the relative con
butions of different partial waves to thef versusv produc-
tion processes.

Apparent violations of the OZI rule inp̄p reactions have
sometimes been attributed to a significant contribution
intrinsic strangeness to the proton’s wave function. On
other hand, most of the observed enhancement of thef me-
son yield in p̄p annihilation can be explained in terms
rescattering and loop diagrams. However, the largef→pr
coupling also requires kaon loops, and thus the intermed
states are dominated by hadrons with strange quark con
Therefore, both interpretations involve a significant contrib
tion of strange sea quarks to hadronic reactions involv
protons.
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Further information to help determine the origin of th
strange sea quarks can be taken from polarization obs
ables. For instance, based on a dominance of the rearra
ment process, the polarized intrinsic strange sea quarks
fer a spin triplet initial state forf meson production. The
differential cross sections presented in this report indic
that the proton-proton entrance channel is not in a pure3P1

state at the beam momentum of 3.67 GeV/c. If the polarized
intrinsic strangeness model is correct, then thef/v ratio
should increase in direct proportion to the fraction of sp
triplet in the initial state. Thus, it would be very useful
follow the correlation of thef/v ratio to the spin triplet
fraction as a function of beam momentum closer to thresh
where the triplet fraction must rise.

Another sensitive test of the intrinsic strangeness mo
would be to determine thef meson production cross sectio
in proton-neutron reactions. For instance, based on the in
sic strangeness model, Elliset al. predict the cross section
ratio to besnp→npf /spp→ppf'0.25 near threshold@11#. In
contrast, meson exchange models@19,68# predict
snp→npf /spp→ppf'5 near threshold.

Finally, it would also be very important to determine th
m
ton
TABLE VIII. Differential cross sections for thepp→ppf reaction as a function of the c.m. momentu
of the f meson (q, left two columns! and as a function of the proton momentum in the proton-pro
reference frame (p, right two columns!.

q @GeV/c# ds/dq @mb/~GeV/c)] p @GeV/c# ds/dp @mb/~GeV/c)]

0.017 0.01160.012 0.0145 0.060.55
0.051 0.06460.015 0.0435 0.07960.040
0.085 0.18060.030 0.0725 0.17860.037
0.119 0.37960.038 0.1015 0.19960.060
0.153 0.57360.052 0.1305 0.45760.058
0.187 0.68060.078 0.1595 0.81960.087
0.221 0.92360.097 0.1885 0.96160.083
0.255 1.0960.087 0.2175 1.2560.12
0.289 0.95560.11 0.2465 1.3060.11
0.323 0.58560.083 0.2755 0.92660.087
0.357 0.14860.098 0.3045 0.38260.065
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v meson yield and partial wave contributions at the sa
excess energy relative to the threshold as presented her
the f meson. The angular distributions closer to thresh
are needed to disentangle the mechanisms involved in thv
meson production@75#, and this would eliminate the unce
tainty related to the relative contributions of the differe
partial waves in theppv andppf systems.
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APPENDIX: DATA TABLES

In this section the differential cross sections presented
the figures above are listed in Tables VI, VII, and VIII. I
addition to the statistical errors quoted here, there are
systematic errors and the overall normalization uncerta
discussed above.
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