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Production of f and v Mesons in Near-Thresholdpp Reactions
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The ratio of the exclusive production cross sections forf and v mesons has been measured in
pp reactions atTbeam ­ 2.85 GeV. The observedfyv ratio is s3.7 6 0.711.2

20.9d 3 1023. After phase
space corrections, this ratio is about a factor of 10 enhanced relative to naive predictions based upon the
Okubo-Zweig-Iizuka rule, in comparison to an enhancement by a factor of,3 previously observed at
higher energies. The modest increase of this enhancement near the production threshold is compared to
the much larger increase of thefyv ratio observed in specific channels ofp̄p annihilation experiments.
[S0031-9007(98)07664-9]
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It is by now widely accepted that the nucleon’s struc
ture is substantially more complex than the simplest p
ture of three valence quarks. Pioneering results fro
deep-inelastic lepton scattering have revealed the imp
tance of sea-quark and gluon contributions to the nucle
structure functions. In this context, the question has be
raised as to what extent heavier quark pairs contribute
the nucleon wave function.

Experimental information on the nucleon’s structur
functions with polarized beams [1] and theSpN term in
pion nucleon elastic scattering [2,3] suggest a significa
contribution of strange sea quarks to the nucleon’s wa
function. In addition,p̄p annihilation studies [4] have
observed thatf and v meson cross section ratios ar
enhanced by up to 2 orders of magnitude relative
predictions based on a naive application of the Okub
Zweig-Iizuka (OZI) rule [5]. According to the OZI rule,
processes with disconnected quark lines in the init
or final state are suppressed. As a consequence of
near ideal mixing of the SU(3) singletv1 and octetv8
states, the production of thef meson should be strongly
suppressed compared to thev meson in reactions of
hadrons with negligible strange quark content. In fac
the small deviation from the ideal mixing angle can b
used to estimate thef to v cross section ratio to be
Ryf ø 4 3 1023 [6,7], wheref is the ratio of the phase
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space factors (i.e., when assuming an energy indepen
matrix element).

It should be pointed out that the observed appar
violation of the OZI rule in p̄p is most dramatic for
channels with the following features: (i) dominance
S-wave annihilations, (ii) low relative momentum of th
p̄p system, and (iii) large invariant momentum transf
to thef meson. These findings have been interpreted
terms of a polarized intrinsicss̄ contribution [7] to the
nucleon’s wave function, which would yield OZI-allowe
quark-line diagrams forf meson production. Alter-
natively, kaon exchange models involving two ste
processes [8,9] have been proposed to explain thef

meson production. Further insight into the origin of th
enhancedfyv ratio in p̄p could be provided by study-
ing near-threshold proton-proton reactions, where
kinematics are similar tōpp but predictions based upon
intrinsic strangeness in the nucleon and kaon excha
models might be expected to differ.

The existing proton-proton data above
p

s ­ 4 GeV
show a slight enhancement with respect to predictio
based on the OZI rule [10]. Unfortunately, there is a co
plete lack of data in the literature forf meson production
in pp reactions at energies close to the threshold. In t
Letter, we report on the first measurement of thefyv

cross section ratio at an available energy in the cen
© 1998 The American Physical Society
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of mass of less than 100 MeV above thef production
threshold. In this experiment both meson channels we
measured simultaneously.

The experimental setup (the DISTO spectrometer
SATURNE) is described in detail elsewhere [11]. A
proton beam from the SATURNE proton synchrotro
with kinetic energy Tbeam ­ 2.85 GeV was directed
onto a liquid hydrogen target of 2 cm length. Charge
particles were tracked through a magnetic spectrome
and detected by a scintillator hodoscope and an array
water Čerenkov detectors. The magnetic spectrome
consisted of a dipole magnet (1.5 T), two sets of sci
tillating fiber hodoscopes inside the field, and two se
of multiwire proportional chambers (MWPC) outside
the field. The large acceptance of the spectrome
(ø 615± vertical, 648± horizontal) allowed for coin-
cident detection of four charged particles, which wa
essential for the kinematically complete reconstru
tion of many final states (ppp1p2, ppp1p2p0,
ppK1K2, pKL, pKS). Particle identification and
4-momentum conservation served as powerful tools f
background rejection. Event readout was triggered
a multiplicity condition on the scintillating fiber and
hodoscope detectors, selecting events with at least th
charged particles. In total,1.3 3 107 events with four
charged particles in the detector acceptance and a ve
inside the liquid hydrogen target were reconstructed.

Particle identification was achieved using the ligh
output from the waterČerenkov detectors, which pro-
vided goodp1-proton separation spanning a wide rang
of momentum, as well asK6 identification in a re-
stricted range above the kaonČerenkov thresholdpK ,th ­
MK cy

p
n2 2 1. Water was chosen as theČerenkov radia-

tor (n ­ 1.33, pK ,th ­ 560 MeVyc) in order to match the
momentum range of the kaons from the reactionpp !

ppK1K2, which is distributed around700 MeVyc.
The reaction pp ! ppv was identified via the

p1p2p0 decay of the v meson (branching ratio
88.8%). Since thep0 decays primarily into two photons
(branching ratio 98.8%) and is therefore not detecte
in the spectrometer, this channel is identified via
missing mass analysis. For this analysis the 4-partic
missing masssMppp1p2

miss d and the 2-particle missing
mass sMpp

missd must correspond to a missingp0 and
a missing v, respectively. The spectrum ofsMpp

missd2

is shown in Fig. 1 after selecting events of the typ
ppp1p2 based on thěCerenkov signals and requiring
0.0 , sMppp1p2

miss d2 , 0.04 GeV2yc4. This spectrum
shows prominent signals from thep1p2p0 decay of
both thev andh mesons.

The reactionpp ! ppf was observed via theK1K2

decay of thef meson (branching ratio 49.1%), where
the kaons are identified using the waterČerenkov de-
tector. Since all four particles in theppK1K2 final
state are detected, events of this type are kinematica
overdetermined. Thus, an additional, drastic backgrou
re
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FIG. 1. Raw spectrum ofsMpp
missd2 for events of the type

ppp1p2p0 after selecting a missingp0 via M
ppp1p2

miss .
This projection shows signals corresponding to the r
actions pp ! ppv ! ppp1p2p0 and pp ! pph !
ppp1p2p0. The structure nearsMpp

missd2 ø 0.1 results from
feedthrough of theppp1p2 final state.

suppression can be achieved by requiring 4-moment
conservation. In this case, the invariant mass of the ka
candidatessMK1K2

inv d must equalM
pp
miss. This is demon-

strated in Fig. 2, where the yield is plotted as a functio
of sMK1K2

inv d2 2 sMpp
missd2. The upper histogram shows the

raw distribution, and the lower histogram corresponds
the remaining distribution after kaon conditions have be
applied to theČerenkov amplitude. The narrow pea
near sMK1K2

inv d2 2 sMpp
missd2 ­ 0.0 results from events of

the typeppK1K2. The peak near0.9 GeV2yc4 is from
misidentified events of the typeppp1p2 which survived
theČerenkov conditions. After applying an additional re
quirement thatjsMK1K2

inv d2 2 sMpp
missd2j , 0.08 GeV2yc4,

a sample ofppK1K2 events can be selected with a
signal-to-background ratio of 4. The background is du
primarily to incorrectly reconstructed events and form
a structureless contribution to theK1K2 invariant mass
distribution presented below.
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FIG. 2. Kinematical identification ofppK1K2 events. Plot-
ted here is the yield as a function of the differencesMK1K2

inv d2 2

sMpp
missd2, assuming that the mesons have the kaon ma

The upper histogram is the raw distribution, and the lower h
togram is for a sample which is preselected byČerenkov kaon
conditions.
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The raw distribution of MK1K2

inv for events in the
ppK1K2 peak of Fig. 2 is shown in the top frame o
Fig. 3. It can be seen that a large fraction of theK1K2

pairs is produced via an intermediatef meson. The mass
range displayed corresponds to the kinematically allow
region, where the lower bound is given by the rest ma
of the decay kaons, and the upper bound is defined by
available energy. TheK1K2 invariant mass spectrum
shown in the lower frame has been corrected for th
detector acceptance and analysis efficiency over the f
mass range, as described below. This spectrum has b
fit with the sum of a background contribution and a pea
from the f resonance. The shape of the backgroun
was assumed to be given by theMK1K2

inv distribution
for an ensemble of events that are uniformly distribute
according to 4-bodysppK1K2d phase space. The shap
of the f resonance was given by the natural line shap
folded with a Gauss function to account for the detect
resolution. When treating the width of the Gaussian
a free parameter, a width ofs ­ 3.7 6 0.5 MeVyc2

is determined in comparison to a resolution of3.4 6

0.1 MeVyc2 obtained from simulations of the detecto
performance.

The relative acceptance of the apparatus for theppv

andppf channels has been evaluated by means of Mon
Carlo simulations, which, after digitization, were pro
cessed through the same analysis chain as the meas
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FIG. 3. Top frame: raw distribution of theK1K2 invariant
mass forppK1K2 events. Thef meson at1.019 GeVyc2

is clearly visible. Bottom frame:MK1K2

inv distribution after
efficiency corrections over the full mass range. The dash
curve represents the background contribution and the so
curve shows the sum of the background and the reson
contribution.
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data. The acceptance could be determined indepen
of the actual phase space distribution of the particles
the final state, because the following two requireme
are fulfilled with the DISTO spectrometer: (i) After ac
counting for the azimuthal and reflection symmetries, t
detector acceptance was nonzero over the full kinem
cally allowed region; (ii) the detector acceptance was d
termined as a function of all relevant degrees of freed
in the final state. In order to determine the acceptance
a function of these degrees of freedom, the kinematica
allowed phase space was divided into multidimensio
bins of suitable coordinates and the efficiency was sim
lated for each bin separately. This procedure was carr
out separately in five and four dimensions for thef and
v meson production, respectively.

Although the reaction mechanism could produce sp
alignment [12], the observed angular distributions
the f and v decays are consistent with the isotrop
distribution assumed in the simulations. Furthermore,
matrix element of thev ! p1p2p0 decay was taken
from [13] and verified to be consistent with the data fro
[14,15].

After application of the full acceptance corrections a
correcting for the decay branching ratios, the produ
tion ratio pp ! ppfypp ! ppv is determined to be
s3.7 6 0.711.2

20.9d 3 1023, where the first error is statistica
and the second error range is due to systematic un
tainty. The experimental uncertainties are dominated
systematic errors arising mainly from the simulation of th
relative efficiencies forv andf detection and the deter
mination of the efficiencies of the particle identification
However, since both meson channels have been dete
in events with four charged particles and measured wit
the same experiment, many possible systematic uncert
ties, such as those related to determining the absolute
minosity, cancel when considering the production ratio.

In Fig. 4, the fyv ratio (filled square) is compared
to data at higher energies taken from the literature [1
All error bars shown are the sum of systematic a
statistical errors. The dashed line corresponds to the O
prediction multiplied by the ratio of available 3-bod
phase space forf to v production. The solid line results
from a recent model calculation by Sibirtsev [16]. I
this model,f and v production arise from the known
coupling to the pp channel, taking into account the
pp final state interaction. Similar calculations by Tito
et al. [17] predict af meson production rate consisten
with that of Sibirtsev. Although the higher energy da
agree well with the predictions of Sibirtsev, near thresho
the measured ratio is enhanced by about a factor of 3.

The angular distributions of thef and v mesons are
shown in Fig. 5. Since the entrance channel is symmet
the observed symmetry about cossQcmd ­ 0 is expected
and increases confidence in the acceptance correcti
From the upper distribution we conclude that thef me-
son is predominantly in aS-wave state relative to thepp
system. Thev meson’s angular distribution has been
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FIG. 4. Ratio of the exclusive total cross sections for theppf
andppv reactions as a function of the available energy abo
the f production threshold. Shown is the value measured
this work (square) together with data at higher energies a
model calculations described in the text.

with an expansion using the first three even Legendre po
nomials. The deviations from isotropy indicate that highe
partial waves are involved in thev production. These an-
gular distributions may provide additional constraints fo
model calculations of vector meson production, such
those of Nakayamaet al. [18].

In conclusion, the production of vector mesons ha
been studied inpp reactions atTbeam­ 2.85 GeV.
Clear signals ofh, v, and f mesons have been ob-
served by measuring their charged decay products. T
fyv cross section ratio has been measured and is o
served to exceed a naive application of the OZI rule b
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FIG. 5. Angular distribution of thef and v mesons (top
and bottom, respectively). The error bars indicate only th
statistical errors and the curves show a fit with the sum of ev
Legendre polynomials.
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an order of magnitude. Although calculations using the
knownf 2 pp coupling are able to explain the enhance-
ment observed at higher energies, these predictions st
underestimate the near-threshold behavior by a factor o
3. However, more refined calculations may well provide
an explanation for this increase without explicitly requir-
ing a significant contribution ofss̄ to the nucleon’s wave
function. This observed increase of thefyv ratio near
threshold is less dramatic than the rise of thefyv ra-
tio in p̄p annihilation at low relative momenta. Thus, it
would be very useful to study the evolution of thefyv

ratio at energies even closer to the production threshold.
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