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f-meson production in proton-proton collisions
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The production off mesons in proton-proton collisions is investigated within a relativistic meson-exchange
model of hadronic interactions. The experimental prerequisites for extracting theNNf coupling strength from
this reaction are discussed. In the absence of a sufficient set of data, which would enable an accurate deter-
mination of theNNf coupling strength, we perform a combined analysis, based on some reasonable assump-
tions, of the existing data for bothv- andf-meson production. We find that the recent data from the DISTO
Collaboration on the angular distribution of thef meson indicate that theNNf coupling constant is small. The
analysis yields values forgNNf that are compatible with the Okubo-Zweig-Iizuka rule.
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I. INTRODUCTION

The investigation off-meson production in both hadron
@1–15# and electromagnetic@16,17# processes at low and in
termediate energies has attracted much attention in re
years. A major motivation for these studies is the hope t
one can obtain information about the amount of hidd
strangeness in the nucleon. Indications for a possibly sig
cant s̄s component in the nucleon have been found, amo
others, in the analysis of the so-calledpN S term @18# and
from the EMC measurement of deep inelastic polarizedmp
scattering~‘‘nucleon-spin crisis’’! @19#.

In the context off-meson production processes one e
pects@20,21# that a large amount of hidden strangeness in
nucleon would manifest itself in reaction cross sections t
significantly exceed the values estimated from the Oku
Zweig-Iizuka ~OZI! rule @22#. This phenomenological rule
states that reactions involving disconnected quark lines
forbidden. In the naive quark model the nucleon has nos̄s

content, whereas thef meson is an ideally mixed pures̄s
state. Thus, in this case, the OZI rule implies vanish
nucleon-nucleon-f (NNf) coupling and, accordingly, a
negligibly small production off mesons from nucleons~or
antinucleons! by electromagnetic or~nonstrange! hadronic
probes. In practice there is a slight deviation from ideal m
ing of the vector mesons, which means that thef meson has
a small ūu1d̄d component. Thus, even if the OZI rule
strictly enforced, there is a nonzero coupling of thef to the
nucleon, although the coupling is very small. Its value can
used to calculate lower limits for corresponding cross s
tions. For example, under similar kinematic conditions
cancel out phase space effects, one expects cross sectio
tios of reactions involving the production of af and anv
meson, respectively, to be@23#

*Present address.
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s~A1B→fX!

s~A1B→vX!
'tan2~aV!, ~1!

whereA, B, and X are systems that do not contain stran
quarks. Here,aV[uV2uV( ideal) is the deviation from the
idealv2f mixing angle. With the valueaV>3.7° @24# one
gets the rather small ratio ofR54.231023.

Recent experiments on antiproton-proton (p̄p) annihila-
tion at rest at the LEAR facility at CERN revealed, howev
considerably larger branching ratios for variousf production
channels@1–3#. Many of the measured ratioss( p̄p→fX)/
s( p̄p→vX) are about 10031023 or even larger~cf. the
compilation of data given in Ref.@7#!, which means that they
exceed the estimate from the OZI rule by more than o
order of magnitude. Significant deviations from the OZI ru
were also found in the reactionsp̄p→ff @4# and pd
→3Hef @5#.

These observed largef-production cross sections wer
interpreted by some authors as a clear signal for an intrin
s̄s component in the nucleon@7,8#. However, this explana-
tion is still controversial. There is an alternative approa
aimed at understanding these large cross sections solel
the strong rescattering effects in the final state@9–12#. In this
casef production occurs via two-step processes with int
mediate states such asK̄K, K̄K* , L̄L, etc., where each ste
is allowed by the OZI rule. Corresponding quantitative c
culations have, indeed, demonstrated that the resulting
duction cross sections are sufficiently large to agree with
experiments without a violation of the OZI rule@9–12#.

In this connection, the production off mesons in proton-
proton (pp) collisions is of special interest. In principle, th
production cross section can be used for a direct determ
tion of the NNf coupling strength. Any appreciableNNf
coupling in excess of the value given by the OZI rule cou
be seen as evidence for hidden strangeness in the nucleo
course, there is also an alternative picture: one in which
©1999 The American Physical Society09-1
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coupling of thef meson to the nucleon does not occur v

possibles̄s components in the nucleon, but via intermedia
states with strangeness@25,26#. Specifically, this means tha
thef meson couples to the nucleon via virtualLK, SK, etc.
states. Corresponding model calculations have shown, h
ever, that such processes give rise to~effective! NNf cou-
pling constants comparable to the OZI values and there
should not play a role in drawing conclusions concern
hidden strangeness in the nucleon. Accordingly, one exp
that cross section ratioss(pp→ppf)/s(pp→ppv) should
provide a clear sign for a possible OZI violation. Indee
data presented recently by the DISTO Collaboration@6# in-
dicate that this ratio, after correcting for the phase sp
effects, is about eight times larger than the OZI estimate~1!.

The present work focuses on thepp→ppf process. We
discuss the experimental prerequisites that would enable
to disentangle competing reaction mechanisms forf produc-
tion in nucleon-nucleon (NN) collisions and to extract the
value of theNNf coupling strength. In this context we sha
show that the angular distribution of the producedf mesons
plays a crucial role. In particular, we will demonstrate th
the almost isotropic angular distribution seen in the d
from the DISTO Collaboration@6# indicates that theNNf
coupling is very small. In the absence of a set of data su
cient to permit an accurate determination of theNNf cou-
pling strength, we impose certain reasonable assumpt
and carry out a combined analysis of the recentf-meson
production data of the DISTO Collaboration@6# and the data
of v-meson production from SATURNE@27#. This analysis
yields a range of values forgNNf that is compatible with the
OZI rule.

We describe thepp→ppf reaction within a relativistic
meson-exchange model.~See Ref.@28# for the details of the
formalism.! The transition amplitude is calculated in di
torted wave Born approximation, where theNN final state
interaction is taken into account explicitly. The final sta
interaction is known to be very important at near-thresh
energies. For theNN interaction we employ the model Bon
B as defined in Table A.1 of Ref.@29#. This model repro-
duces theNN phase shifts up to the pion-production thres
old as well as the deuteron properties@29#. As in our previ-
ous work@28#, we do not consider the initial state interactio
explicitly. At the corresponding high incident energies t
NN interaction is a slowly varying function of energy. I
main effect is to lead to an overall reduction of thepp
→ppf cross section@30#, as has been shown explicitly fo
the case of the reactionpp→pph by Batinić et al. @31#. In
the present model this effect of the initial state interaction
accounted for by an appropriate adjustment of the~phenom-
enological! form factors at the hadronic vertices.

In the next section we discuss possible basic produc
currents that can contribute to the reactionpp→ppf. Using
SU~3! flavor symmetry and imposing the OZI rule, we ca
culate meson-meson-meson and nucleon-nucleon-m
coupling constants that are relevant for thef-production cur-
rents and then estimate the corresponding contribution
the total cross section. These reveal that thefrp meson-
exchange current is the dominant one. In the same sectio
05520
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also give a short outline of our formalism and introduce t
free parameters of our model. In Sec. III we describe
detail the procedure for the combined analysis off- and
v-production data. We conclude with a summary of our
sults in the last section.

II. PRODUCTION CURRENTS

In the case of the reactionpp→ppv, the dominant pro-
duction mechanisms —namely, the nucleonic andvrp me-
sonic currents, as depicted in Fig. 1—can be identified w
out involved considerations. This is because of the relativ
largeNNv andvrp coupling strengths. Thevrp meson-
exchange current depends also on theNNr and NNp cou-
plings, which are likewise large. Therefore this producti
mechanism is by far the dominant one among the poss
exchange currents@28#. For f-meson production, however
the situation is much less cleara priori and requires carefu
consideration. In order to determine the importance of va
ous possible meson-exchange currents, we first estimate
tematically the coupling strengths of the hadronic vertic
that enter into thesef-production exchange currents. This
done using effective Lagrangians, assuming SU~3! flavor
symmetry, and imposing the OZI rule. We note that in th
scheme the SU~3! symmetry breaking is introduced throug
the use of the physical masses of the hadrons in calcula
the observables.

In the present work we are interested in three-meson
tices involving at least onef-meson. We, then, haveVVP,
VPP, and VVV vertices (V5 vector meson,P5 pseudo-
scalar meson!. The SU~3! effective Lagrangian has the form

LMMM5g888@2~12b!Tr~@M8 ,M8#M8!

1b Tr~$M8 ,M8%M8!#1g88sb Tr~$M8 ,M8%Ms!

1g8s8b Tr~$M8 ,Ms%M8!

1gsssb Tr~$Ms ,Ms%Ms!, ~2!

whereM8 (Ms) stands for the SU~3! meson-octet~-singlet!
matrix, andb is the parameter specifying the admixture
the D-type (b51) andF-type (b50) couplings. The OZI
condition relates the basic coupling constants of the SU~3!
octet and singlet members in the Lagrangian,gsss5g88s

5g8s85A 2
3 g888, so that there is only one free coupling co

stant. This one is then fixed by a fit to some appropri
observables such as decay rates. TheVPP andVVV vertices
involve only F-type coupling if we require charge conjuga

FIG. 1. f andv-meson production currents,Jm, included in the
present study:~a! nucleonic current,~b! meson exchange curren
v5v,f andM5p,h,r,v,s,ao .
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f-MESON PRODUCTION IN PROTON-PROTON COLLISIONS PHYSICAL REVIEW C60 055209
tion invariance. This leads to the vanishing of allVPP and
VVV couplings involving either thev or f meson relevant
to the present work. TheD-type coupling leads toG-parity
violating vertices and will be ignored. In contrast, theVVP
vertices involve onlyD-type coupling. In Ref.@32# essen-
tially the same scheme as proposed here has been us
describe radiative meson decays. Therefore, we use
model parameters determined in that paper. The effec
Lagrangian used in Ref.@32# can easily be cast into the form
given by Eq.~2!. The resulting coupling constantsgVVP at
those vertices relevant for the meson-exchange current
interest are tabulated in Table I.

In order to estimate the magnitude of the various mes
exchange currents one needs not only theVVP couplings,
but the correspondingNNV and NNP couplings as well.
Thus, in addition to theNNp andNNr couplings, the em-
pirically poorly knownNNv, NNf, NNh, andNNh8 cou-
plings are needed. We estimate these coupling strength
ing the same scheme used for determining theVVP
couplings, i.e., the SU~3! effective Lagrangian

LBBM5g8@2~12b!Tr~@B̄,B#M8!

1b Tr~$B̄,B%M8!#1gsb Tr~$B̄,B%Ms!, ~3!

plus the OZI rule. This latter condition yieldsgs5(3
24b)g8 /A6. In the above LagrangianB stands for the
SU~3! baryon-octet matrix. TheD-type coupling in the
SU~3! Lagrangian is not allowed for theNNV couplings if
one requires spin independence forBBv andBBf couplings
within the identically flavored baryons,B5S,L. Using the
value of thev2f mixing angle from Ref.@24# and g8
(5gNNr) from Ref. @29#, we find gNNv>9 and gNNf>
20.6 for theNNv andNNf vector-coupling constants, re
spectively. TheNNv tensor-coupling constants are simp
chosen to bef NNv560.5 gNNv , wherev[v, f ~as distinct
from V, which stands for vector mesons in general!. This
choice of f NNv is consistent with values from an SU~3! esti-
mate@33# as well from other sources@26,29#. For theNNh
coupling constant we take the value used inNN scattering
analysis@29#, gNNh56.14. This value, together with theh
2h8 mixing angle ofuP>29.7°, as suggested by the qu
dratic mass formula, and theNNp coupling constant,gNNp

513.45, leads to the ratioD/F[b/(12b)>1.43 – which is
close to the value ofD/F51.5860.07 extracted from a sys
tematic analysis of semileptonic hyperon decays@34#. The
NNh8 coupling constant is related to theNNh coupling con-
stant by gNNh852gNNhtan(aP), where aP[uP2uP( ideal)

TABLE I. SU~3! based estimate of thefVP coupling constants,
gfVP at the vanishing four-momentum square of the vector-me
V. The coupling constants are given in units of 1/AmfmV, with mV

denoting the mass of the vector-mesonV involved. The parameters
of the SU~3! effective Lagrangian are taken from Ref.@32# ~model
B!.

gfrp gffh gfvh gffh8 gfvh8

20.65 9.86 0.19 29.80 21.11
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>245° denotes the deviation from the pseudoscalar id
mixing angle. We findgNNh8>6.1.

Once all the relevant coupling constants have been de
mined, we can estimate the relative importance of vario
VVP-exchange currents to thef-meson production. In cor-
responding test calculations it turned out that t
frp-exchange current is by far the dominant mesonic c
rent. Thecombinedcontribution of all other exchange cur
rents to the total cross section is about two orders of ma
tude smaller.

We have also examined contributions from meso
exchange currents involving other heavy mesons, in part
lar, theff f 1- andfv f 1-exchange currents, whose couplin
constants~upper limits! can be estimated from the observe
decay of f 1→f1g @24#. We find a negligible contribution
to the f-meson production. Furthermore theffs- and
fvs-exchange currents also turned out to be negligible.
nally we note that, as in the case ofv production, there are
no experimental indications of any of the known isospin-1
N* resonances decaying intoNf.

With the above considerations, thev-meson (v5v,f)
production currentJm is given by the sum of the nucleoni
and vrp meson-exchange currents,Jm5Jnuc

m 1Jmec
m , as il-

lustrated diagrammatically in Fig. 1. Explicitly, the nucle
onic current is defined as

Jnuc
m 5 (

j 51,2
~G j

miSjU1UiSjG j
m!, ~4!

with G j
m denoting theNNv vertex andSj the nucleon~Feyn-

man! propagator for nucleonj. The summation runs over th
two interacting nucleons, 1 and 2.U stands for the meson
exchangeNN potential. It is, in principle, identical to the
driving potential used in the construction of theNN interac-
tion @29#, except that here meson retardation effects are
tained following the Feynman prescription. Equation~4! is
illustrated in Fig. 1~a!.

The structure of theNNv vertex,G j
m , required in Eq.~4!

for the production is obtained from the Lagrangian densi

L~x!52C̄~x!S gNNvFgm2
kv

2mN
smn]nGVm~x! DC~x!,

~5!

where C(x) and Vm(x) stand for the nucleon and vecto
meson field, respectively.gNNv denotes the vector couplin
constant andkv[ f NNv /gNNv , with f NNv the tensor coupling
constant.mN denotes the nucleon mass.

As in most meson-exchange models of interactions, e
hadronic vertex is furnished with a form factor in order
account for, among other things, the composite nature of
hadrons involved. In this spirit theNNv vertex obtained
from the above Lagrangian is multiplied by a form facto
The theoretical understanding of this form factor is beyo
the scope of the present paper; we assume it to be of the

FvNN~ l 2!5
LNv

4

LNv
4 1~ l 22mN

2 !2
, ~6!

n

9-3
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where l 2 denotes the four-momentum squared of either
incoming or outgoing off-shell nucleon. It is normalized
unity when the nucleon is on its mass shell, i.e., whenl 2

5mN
2 .

The vrp vertex required for constructing the meso
exchange current,Jmec

m @Fig. 1~b!#, is derived from the La-
grangian density

Lvrp~x!5
gvrp

Amvmr

«abnm]arW b~x!•]npW ~x!Vm~x!, ~7!

where «abnm denotes the Levi-Civita antisymmetric tens
with «0123511. The vrp vertex obtained from the abov
Lagrangian is multiplied by a form factor which is taken
be of the form

Fvrp~qr
2 ,qp

2 !5S LMv
2 2xmr

2

LMv
2 2qr

2 D S LMv
2 2mp

2

LMv
2 2qp

2 D . ~8!

It is normalized to unity atqp
2 5mp

2 andqr
25xmr

2 . The pa-
rameterx ~5 0 or 1! is introduced in order to allow for
different normalization points as explained later. The fo
factor given above differs from the one used in@28# in that it
uses a common cutoff parameterLMv for both p and r
meson instead of separate cutoff masses.

The meson-exchange current is then given by

Jmec
m 5@GNNr

a ~qr!#1iD ab~qr!Gvrp
bm ~qr ,qp ,kv!iD~qp!

3@GNNp~qp!#21~1↔2!, ~9!

where Dab(qr) and D(qp) stand for ther- and p-meson
~Feynman! propagators, respectively. The verticesG in-
volved are self-explanatory. Both theNNr andNNp verti-
ces, GNNr

a and GNNp , are taken consistently with theNN
potential used to generate theNN final state interaction.

Our model for vector-meson production described ab
contains five parameters: two for the mesonic current~the
coupling constantgvrp and the cutoff parameterLMv) and
three for the nucleonic current~the coupling constantsgNNv
and f NNv , and the cutoff parameterLNv). In Ref. @28# we
pointed out that the angular distribution of the emittedv
mesons is a sensitive quantity for determining theabsolute
amountof nucleonic as well as mesonic current contrib
tions, in addition to the relative sign between the two con
butions. This applies also to the case off-meson production
since, as we have argued above, the dominant produc
mechanisms are exactly the same for both processes. Sp
cally, this means that the knowledge of the angular distri
tion allows one to fix the cutoff parameter in the meso
current since the coupling constantgvrp can be extracted
from the relevant measured partial decay widths@24#.

The nucleonic current, however, involves three free
rameters. In this case knowledge of the angular distribu
allows one to determine only the product of theNNv cou-
pling constants and the form factor. Consequently one can
extract a unique value forgNNv directly from the analysis;
further constraints—such as the energy dependence o
angular distribution—are needed. As discussed in@28#, the
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energy dependence will impose some constraint on the f
factor. Also, in the energy region far from the threshold, t
tensor-to-vector coupling ratiokv5 f NNv /gNNv influences
the energy dependence of the total cross section. Ano
constraint may be imposed by spin polarization observab
In the case ofpp bremsstrahlung producing hard photons
is known that the reaction is dominated by the magnetiza
current, to which the tensor coupling of theNNg vertex
contributes. Therefore we would expect that the spin obse
ables inpp→ppv reactions become more sensitive to t
tensor couplingf NNv for energetic vector mesons.

III. APPLICATION

As mentioned in the Introduction, the determination of t
NNf coupling strength is of special interest in the study
vector-meson production since its magnitude is usually as
ciated with the amount of hidden strangeness in the nucle
In this section we utilize our model to obtain some inform
tion on this coupling strength. However, as pointed out in
previous section, the angular distribution alone is not su
cient for determininggNNf uniquely. We therefore choose t
perform a combined analysis off- andv-meson production;
i.e., to use the available data from both reactions to ext
gNNf . A combined analysis off and v production also
allows us to address the important issue concerning the
lation of the OZI rule.

Before doing so some considerations about the exis
experimental data are in order. So far only very few pre
sion data of vector-meson production inNN collisions are
available. First there are total cross sections for the reac
pp→ppv in the energy rangeTlab>1.89 to 1.98 GeV from
Saclay@27#. In addition, there are angular distributions of th
emitted meson for bothv- and f-meson production~al-
though with no absolute normalization! and the ratio of the
total cross sectionssf /sv[s(pp→ppf)/s(pp→ppv) at
Tlab52.85 GeV from the DISTO Collaboration@6#. All the
other presently available data@35# are from the 1970’s and
not very accurate. Furthermore these data lie in an ene
range far above the vector-meson production thresholds
the corresponding excess energies theNN interaction in the
final state is already dominated by inelastic processes. S
processes are not accounted for in theNN model that we
employ, which is valid only for energies below the pio
production threshold ~i.e., excess energies belo
'140 MeV), and therefore we do not consider those hig
energy data in our analysis. Since the excess energy in
v-meson production channel of the DISTO measurem
(Q5319 MeV) is already beyond the energy range wh
we trust our model, we do not use the measured produc
ratio directly. Instead we interpolate the total cross sect
for v-meson production from the existing data@27,35# and
use this value, and the measured ratio, to fix the abso
normalization of the measuredf-meson angular distribution
@6#. Our estimate yields sv;0.73102 mb at Tlab
52.85 GeV. This value ofsv , combined with the mea-
sured ratio ofsf /sv5(3.760.5)31023 @6#, leads tosf
;0.26 mb. Inevitably, such an interpolation is subject
uncertainties. We have, therefore, carried out the same an
9-4
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sis as reported below, but starting from af-production cross
section that is smaller/larger by about 40%. We arrived
basically the same conclusions and therefore refrain fr
showing the corresponding results here.

Since we have onef-meson angular distribution with
only nine data points and fivev-meson total cross sectio
data available in the range of applicability of our model, w
are forced to impose some constraints on the model in o
to reduce the number of free parameters. To this end
make the following assumptions.

~1! The same cutoff parameterLM[LMv5LMf @cf. Eq.
~8!# is used for the meson-exchange currents forv- and
f-meson production. This is a reasonable choice since
off-shell particles at thevrp vertex are the same in bot
production processes. Likewise, the cutoff parameterLNv
@cf. Eq. ~6!# in the nucleonic current is assumed to be t
same for v- and f-meson production, i.e.,LN[LNv

5LNf .
~2! The NNv vector coupling constant is given by th

value obtained from SU~3! flavor symmetry and imposing
the OZI rule, i.e., gNNv53gNNrcos(aV), where aV[uV
2uV( ideal) is the deviation from the idealv2f mixing
angle. WithaV>3.7° @24# and theNNr coupling constant of
gNNr52.323.36 @36#, this yields a value ofgNNv>(962),
which is close to the value ofgNNv>11 obtained in a recen
NN scattering analysis@37#. The uncertainty here come
from the uncertainties involved ingNNr andaV .

~3! The tensor-to-vector coupling ratio,kv5 f NNv /gNNv ,
is the same for thev andf mesons:k[kv5kf . This re-
lation is also suggested by SU~3! symmetry. Furthermore we
choose the parameterk to be fixed beforehand. We consid
the valuesk560.5, which covers a rather ample range. U
like the case of ther meson, we do not expectf NNv
5kvgNNv to be large, especially for thev meson. This is
supported by an estimate@33#, in which SU~3! is applied to
the sumf NNv1gNNv rather than tof NNv alone, which is mo-
tivated by the success of SU~6! in predicting the magnetic
moments of the baryons. Other investigations@26,29# also
support small values ofkv .

These assumptions reduce the number of paramete
the model to be fixed to a total of five: the cutoff paramet
LM and LN , and the coupling constantsgfrp , gvrp , and
gNNf . As mentioned in the previous section, the first tw
coupling constants can be extracted from the measu
branching ratios. Specifically, the coupling constant
gfrp521.64 is determined directly from the measured d
cay width of f→r1p @24#. The coupling constantgvrp ,
however, cannot be determined directly~as in the case o
gfrp) sincev→r1p is energetically forbidden. We there
fore extract it indirectly from the radiative decay width
v→p1g, assuming vector meson dominance; we obt
gvrp510. The signs of these couplings are inferred fro
SU~3! symmetry considerations. We note that these coup
constants are extracted at different kinematics:gfrp is deter-
mined atqr

25mr
2 andqp

2 5mp
2 , whereasgvrp is extracted at

qr
250 andqp

2 5mp
2 . The corresponding form factor@cf. Eq.

~8!# should, therefore, be normalized accordingly, i.e.,x51
andx50 for thefrp andvrp vertex form factor, respec
05520
t
m

er
e

he

-

of
s

ed
f
-

n

g

tively. With the coupling constants at the three-meson-po
vertices fixed, we are then left with three free paramet
which may be adjusted to reproduce thef- and v-meson
production data.

The process of reducing to these three so that we
extract some information about thef-nucleon coupling has a
cost. A least squares fit of the remaining parameters to
data would now be statistically meaningless, so that we w
be unable to assign a single number with appropriate co
dence limits togNNf . Rather, our results will be presented
as to show a range of possibilities consistent with the
sumptions underlying the model and the analysis. This
unfortunate, but the scarcity of the data and the relativ
large number of model parameters excluded the possib
of a full statistical analysis from the outset.

We are now prepared to apply the model to the reacti
pp→ppv and pp→ppf. Before doing any calculation
however, we note that the nucleonic current contribution
the f-meson production should be rather small, as the m
sured angular distribution shown in Fig. 2 is more or le
isotropic. Recall that the angular distribution alone is su
cient to establish the magnitude of both the nucleonic a
mesonic currents, and that the mesonic current yield
nearly flat angular distribution, whereas the nucleonic c
rent gives an approximately cos2(u) dependence@28#, al-
though at the scale of Fig. 2 this latter feature of the nuc
onic current is difficult to see.

For the determination of the free parametersLM , LN ,
andgNNf we proceed in the following way: we assume th
the angular distribution of thef meson resembles the soli
curve in Fig. 2. We then determine the required contributio
from both the nucleonic and mesonic currents. The meso

FIG. 2. Angular distribution for the reactionpp→ppf at an
incident energy ofTlab52.85 GeV. The dashed-dotted curve co
responds to the mesonic current contribution, the dashed curv
the nucleonic current contribution. The solid curve is the total c
tribution. The experimental data are from Ref.@6# and have been
normalized according to the procedure explained in the text.
identity of the two initial particles requires the angular distributi
to be symmetric about cos(u)50. An even polynomial fit to the data
yields a curve almost identical to the total contribution.
9-5
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current involves only one free parameter: namely the cu
massLM([LMf5LMv) of thefrp vertex form factor@cf.
Eq. ~8!#. That is fixed by the requirement of reproducing t
angular distribution. We obtainLM51450 MeV. Turning
now tov production, we require that our model describe t
total cross section data from SATURNE@27#. Since we as-
sumed theNNv vector coupling to begNNv59 ~and k
[kv5kf is fixed to the two values mentioned above!, one
can determine the cutoff parameterLN([LNv5LNf) in Eq.
~6!—the only remaining free parameter—from th
v-production cross section. Owing to the destructive int
ference between the nucleonic and mesonic currents, we
in general, two possible values ofLN for givengNNv andk.
The resulting values are listed in Table II and the cor
sponding cross sections are shown in Fig. 3. As pointed
in @28#, in contrast to the angular distribution, the total cro
section is unable to constrain the absolute contribution of
nucleonic and mesonic currents. As can be seen from Fig
the energy dependence of the total cross section may be
ful to further constrain the ratiok and/or the form factor a
the production vertex. Unfortunately, no data is available
energies that are well above the threshold, yet still l
enough for the present model to be applicable. It should
mentioned that effects of the finite width of thev meson—

TABLE II. NNf coupling constant extracted from our mod
analysis of the reactionpp→ppv (v5f,v) as described in Sec
III for two given values of the ratiok5 f NNv /gNNv .

k 20.5 20.5 10.5 10.5
LN 1170 1411 1312 1545
gNNf 20.45 20.19 20.90 20.40

FIG. 3. Total cross section for the reactionpp→ppv as a func-
tion of the excess energyQ5As2Aso. The dotted, dash-dotted
dashed, and solid lines correspond to the model calculation b
on the cutoff mass ofLN51545, 1312, 1411, and 1170 MeV, re
spectively, as given in Table II. Effects of thev-meson mass dis
tribution are taken into account. The experimental data are f
Ref. @27# ~filled circle! and from Ref.@35# ~open circle!.
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which influence considerably the energy dependence of
total cross section close to the threshold energy@38#—have
been taken into account in the results shown in Fig. 3. Thi
done by folding the calculated cross section with the Bre
Wigner mass distribution of thev meson. Once the cutof
parameterLN is fixed, one can return to the angular dist
bution of thef-meson production in Fig. 2 and adjust th
NNf coupling constantgNNf to reproduce the amount of th
nucleonic current contribution previously determined. Sin
we have two values ofLN for each chosen value ofk, we get
four values ofgNNf corresponding to the four possible com
binations. The values for theNNf coupling constant thus
extracted are compiled at the bottom of Table II. They ran
from gNNf520.19 to gNNf520.90. As already acknowl-
edged above, the lack of a more complete and accurate s
data prevents us from achieving a more accurate determ
tion of gNNf .

The values ofgNNf thus obtained may be compared wi
those resulting from SU~3! flavor symmetry consideration
and imposition of the OZI rule,

gNNf523gNNrsin~aV!>2~0.6060.15!, ~10!

where the factor sin(aV) is due to the deviation from the idea
v2f mixing. The numerical value is obtained using th
valuesgNNr52.6323.36 @36# andaV>3.7° @24#. The error
bar quoted is due to the uncertainty involved ingNNr and
aV . Comparing the value@Eq. ~10!# with those obtained in
the present work we conclude that thef-production data can
be described withNNf coupling constants that are compa
ible with the OZI value.

Although the nucleonic current contribution tof-meson
production is small its effect on the angular distributio
shown in Fig. 2 is actually quite strong due to its interferen
with the mesonic exchange current. For any of the sets
parameters shown in Table II, a doubling ofgNNf would
result in a decidedly poorer description of thef-meson pro-
duction data, especially the shape of the angular distribut

It should be mentioned that although our analysis of
existing DISTO and SATURNE data yieldsNNf coupling
constants which are compatible with the OZI value, it
necessary to introduce a violation of the OZI rule at thevrp
vertices (v5f,v) in the meson-exchange current. This c
easily be verified by calculating, e.g., thefrp coupling con-
stants atqr

250 using the form factor given by Eq.~8! with
the cutoff parameterLM extracted from thef-meson angu-
lar distribution data. We obtaingfrp(qr

250)5gfrp(qr
2

5mr
2)3Fvrp(qr

250,qp
2 )521.18. This value is almost a

factor of 2 larger than the corresponding OZI value
gfrp(qr

250)52gvrp(qr
250)tan(aV)>20.65 given in

Table I. We found it impossible to describe the data witho
introducing this OZI violation~independently of the consid
erations about theNNf coupling constant! for the following
reasons: A sufficiently large contribution from the meson
current in thef-meson production, as demanded by the m
sured angular distribution, can only be obtained with t
frp coupling constant extracted from the measured de
width of f→r1p @24#, i.e.,gfrp521.64. For the coupling
constant extracted from radiative meson decay, an unre

ed

m
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tically large cutoff massLM in excess of 3 GeV would be
required. On the other hand, withgfrp521.64 and the cor-
responding OZI value ofgvrp52gfrp /tan(aV)525 for the
vrp coupling constant, we have little chance of describ
the energy dependence of thev meson total cross section;
simply rises much too strongly with the energy. In this co
text let us mention that a knowledge of the angular distri
tion of thev-meson in the energy region where the mode
applicable is of particular importance. Corresponding d
would enable us to pin down the contributions for the m
sonic current and thereby impose much more stringent c
straints on the parameters of the model relevant to a pos
violation of the OZI rule at thevrp vertices. It would be
very useful to clarify this point, specifically because
analysis of the radiative decay widths of the vector mes
within the vector-meson dominance model, involving t
very same coupling constants, led tovrp coupling constants
which satisfy the OZI rule to within 15–20 %@32#. Further-
more it is certainly desirable to test the present mode
describing other independent reactions processes~e.g., f-
andv-meson photoproduction!. We plan such investigation
in the near future.

Finally, we wish to make a remark on the ‘‘naive’’ OZ
estimation as expressed by Eq.~1!. This equation is simply a
consequence of assuming that thef- andv-meson produc-
tion amplitudes differ from each other only by their couplin
strengths, which are assumed to be related by SU~3! flavor
symmetry plus the OZI rule. Differences in the kinemat
~besides trivial phase-space effects! induced, for example, by
the mass difference between thev and f mesons, interfer-
ence effects between the nucleonic and meson-exchange
rents, etc., are completely ignored. Our model offers the p
sibility to test explicitly the validity of this assumption an
thus the reliability of Eq.~1!. For this purpose we carried ou
a ~full ! model calculation where we imposed the OZI rule
relate the relevant coupling constants; i.e.,gfrp /gvrp

52tan(aV) and gNNf /gNNv52tan(aV). In addition, we
used the same form factors at thev- andf-meson produc-
tion vertices in the mesonic and the nucleonic current,
spectively. It turned out that such a calculation yields res
v,

uc
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that are qualitatively very similar to the simple estimate
Eq. ~1!, indicating that the above-mentioned differences
the kinematics, etc., do not induce any significant deviat
from Eq.~1!. In fact, the cross section ratio taken at the sa
excess energy is roughly 331023, or about 30% smaller
than the ‘‘naive’’ OZI estimate.

IV. SUMMARY

We have investigated the reactionpp→ppf using a rela-
tivistic meson-exchange model. We find that the nucleo
and frp exchange currents are the two dominant sour
contributing tof production in this reaction, and that the
interfere destructively. Since these two reaction mechani
give rise to distinct angular distributions, measurements
this observable can yield valuable information on the m
nitude of the nucleonic current and, specifically, on theNNf
coupling constant. In fact, the flat angular distribution exh
ited by the data from DISTO Collaboration@6# indicates that
the contribution from the nucleonic current must be ve
small. This, in turn, implies that the value of theNNf cou-
pling constant must also be small. While we are unable,
reasons mentioned earlier, to place rigorous limits on
value of thef-nucleon coupling constant, we can say th
the available data might not exclude, but do not clearlyre-
quire, a large strangeness content of the nucleon. Indeed,
semiquantitative combined analysis of thosef-meson pro-
duction data and the data forv-meson production from SAT-
URNE yields values ofgNNf which are compatible with the
OZI rule.
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