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Abstract. We analyze near-threshold cross section data for the reactionpp→ppφ published by the DISTO collabora-
tion and recent, still preliminary results presented by theANKE Collaboration. We formulate a procedure to evaluate
the OZI ratio at low energies by taking into account corrections from the kinematics and the final-state interaction. Com-
bining the new data with the few measurements available at higher energies we give a limit for the OZI rule violation
and estimate the possible contribution from a five-quark baryonic resonance coupled to theφp system.

PACS. 13.60.Le Meson production – 14.20.Gk Baryon resonances with S=0 – 12.10.Qk Unification of couplings –
12.38.Qk Experimental tests

1 Introduction

φ-meson production in hadronic reactions motivates both ex-
perimental and theoretical activities for several reasons. A well
known argument is the possible violation of the Okubo-Zweig-
Iizuka rule [1,2,3] and the role of the strangeness content of the
nucleon. Moreover,φp production allows to search for cryp-
toexotic baryons with hidden strangeness.

The OZI rule states that the production of open as well as
hidden strangeness from any initial state that does not contain a
ss̄ component is strongly suppressed relative to the production
of non-strange states. Therefore, studies of the OZI rule are
generally based on considering measurements of correspond-
ing φ-meson andω-meson production reactions. The cross sec-
tion ratio,Rφ/ω, is then compared with the limit proposed by
Lipkin [4]. The latter follows from SU(3) symmetry and in-
volves the experimentally known deviation∆θV =3.7o from
the ideal mixing angle between singlet and octet vector mesons,
i.e.

Rφ/ω=
g2

φρπ

g2
ωρπ

=
g2

φNN

g2
ωNN

=
σ(πN→φX)

σ(πN→ωX)
=

σ(NN→φX)

σ(NN→ωX)

= tan2(∆θV )=4.2·10−3, (1)

where theg’s denote corresponding coupling constants andX
stands for any inclusive final state that does not contain strange
quarks. Actually Eq. (1) is already violated on the level of the
φρπ and ωρπ coupling constants that can be extracted from
φ→ρπ, ω→3π, ω→πγ and ρ→πγ decays [5,6]. These de-
cays [7] result in an average ratioRφ/ω = (12.5± 3.4) · 10−3.
Note that is also established [8] that theφ→ρπ decay alone
violates OZI rule.

A systematic analysis [9] of experiments onφ andω pro-
duction in πN and NN reactions led to a ratio ofRφ/ω =

(13.4 ± 3.2) · 10−3. Apparently, all phenomenological mod-
els [10,11,12,13,14] that directly incorporate theφρπ andωρπ
vertices would be able to reproduce the large ratio given above.
The same is also true forNN → NNφ/ω calculations [15,16]
which utilize πN→φN and πN→ωN transition amplitudes
fitted to the data. Therefore, values aroundRφ/ω≃13·10−3 [9]
are not necessarily related to the strangeness content of the nu-
cleon. Only ratios significantly larger than this value might be
considered as a possible indication of ass̄ component of the
initial state.

A very recent analysis [17] ofφ and ω photoproduction
from the proton shows that the ratioRφ/ω = 0.8±0.2 at pho-
ton energies above 30 GeV. This was interpreted in terms of
quark–anti-quark fluctuations of the photon. Considering the
uū, dd̄, ss̄, cc̄, bb̄ andtt̄ photon structure one might expect that
at high energies, i.e. in the perturbative QCD regime, the ratios
of different vector mesons approach unity, up to corrections due
to the hadronic wave functions. The analysis [18,19] ofω and
J/Ψ photoproduction results in the ratioR[J/Ψ ]/ω=0.04±0.01

at photon energy around3·103 GeV, i.e. at the maximal en-
ergy whereω-meson photoproduction data are available. We
concluded that the largeφ/ω and [J/Ψ ]/ω ratios observed in
photoproduction at high energies are related to the nature of the
photon itself but are irrelevant for the strangeness content of the
nucleon. It was also noted that theφ photoproduction at low
photon energies and for large four-momentum transfer squared
t could not be understood in terms of perturbative QCD and
probably the large ratioRφ/ω≃0.1 at |t|>2 GeV2 can be only
explained if one assumes a large ratio of theφNN andωNN
couplings. Modern dispersion analyses [20,21] of the nucleon
electromagnetic form factors show that the squared ratio of
these coupling constant is about≃0.23 (provided one assumes
that the whole strength in the spectral function att ≃ 1 GeV2

is entirely given by theφ-meson, therefore such values should
be considered as upper limits).

http://arXiv.org/abs/nucl-th/0512055v1
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There are still some phenomena [22] which could be a sig-
nal of ass̄ component in the nucleon. For example, proton–
antiproton annihilation at rest results inRφ/ω=0.294±0.097
for theφγ andωγ final states while a ratioRφ/ω=0.106±0.012
was found for theφπ andωπ channels. At the same time the
available data for the annihilation in flight yield a ratioRφ/ω

= (14.55±1.92)·10−3, which is compatible with the ratios ex-
tracted fromπN andNN reactions and from vector meson de-
cays. Again a substantial violation of the OZI rule was detected
at low energies.

These observations in theγp and p̄p reactions provide a
strong motivation to further search for substantial OZI rule vi-
olations at low energies. In 1998, the DISTO Collaboration re-
ported a low energypp → ppV measurement indicating that
the ratioRφ/ω is enhanced by about an order of magnitude rel-
ative to the OZI limit given in Eq. (1). The experiment was
done at a proton beam energy ofTlab ≃2.85 GeV,i.e. at an ex-
cess energyǫ≃82 MeV above thepp→ppφ reaction threshold.
At such low energies corrections due to the differences in the
pp→ppφ andpp→ppω phase space and thepp final state inter-
action (FSI) should be implemented for a meaningful analysis
with regard to an OZI rule violation. Indeed Eq. (1) holds only
for high energies and when the cross sections are practically
energy independent.

Since the corrections mentioned above were not fully im-
plemented in the analysis of Ref. [24] the results given by the
DISTO collaboration can be only considered as qualitative es-
timations. Here we describe a procedure for the data evaluation
that allows for an analysis of any 3-body final state. Follow-
ing that procedure we extract the ratioRφ/ω from the DISTO
results and from preliminarypp→ppφ cross section data re-
ported recently by the ANKE Collaboration [25]. Note that the
evaluation of the ratioRφ/ω requires data forpp→ppω as well.
High-statisticsω data were published recently by the TOF Col-
laboration [26,27]. Those data allow us to extract thepp→ppω
reaction amplitude, which can be considered an added bonus
of our present study.

The manuscript is organized as follows. In Sec. 2 we present
and discuss our method to extract the OZI ratio from data on
vector meson production in proton-proton collisions. It isap-
plied to data from Saclay and COSY and the results are pre-
sented in Sec. 3. Sec. 4 is devoted to the possible coupling of
exotic states to theφ-proton final state. We end with a summary
and outlook in Sec. 5.

2 Method for extracting the OZI ratio from
proton-proton collisions

Using non-relativistic 3-body phase space and applying correc-
tions due to the FSI between the protons, the averagepp→ppω
reaction amplitude|M|2 can be extracted from the reaction
cross sectionσ by means of [28]

σ(ǫ) =

√

m2
Nmω

27π2(2mN + mω)3/2

ǫ2
√

s2 − 4sm2
N

×
[

1 +
4β2 − 4α2

−α +
√

α2 + mN ǫ

]

|M|2, (2)

Fig. 1. (a) Thepp→ppω cross section and (b) the average reaction
amplitude|Mω|

2 as a function of the excess energy. The cross sec-
tion data are from Refs. [23] (solid inverse triangles), [24] (solid
squares), [29] (solid triangles), [26] (solid circles), and [27] (open cir-
cles), respectively. The corresponding values in (b) are extracted from
the cross section data via Eq. (2). The open triangles correspond to
the data of Ref. [29] but using Eq. (5). The dashed line corresponds
to Eq. (2) with |M|=40 fm, while the dotted line indicates the re-
sults without FSI corrections. The hatched area indicates the aver-
age amplitude used in the present paper for the OZI analysis.The
dash-dotted line is a phenomenological fit to the data of the form
M=40 fm exp(−0.27ǫ).

whereǫ=
√

s−2mN−mω,
√

s is the invariant collision energy
given in terms of the proton beam kinetic energyTlab by s =
2mN(2mN+Tlab) andmN , mω are the nucleon andω-meson
masses, respectively. The FSI effects are taken into account by
means of the Jost function method with

|J(q)|−1=
q+iβ

q−iα
=

[

rβ2

2
+

rq2

2

] [

−1

a
+

rq2

2
− iq

]−1

, (3)

which at smallq goes over into the Watson-Migdal parameter-
ization and at largeq approaches unity. In Eq. (3)α andβ are
the parameters that specify the FSI between the protons; they
are related to the scattering parameters by

a=
α + β

αβ
, r=

2

α + β
(4)

with α<0 andβ>0. In the present study we use the valuesα =
−20.5 MeV/c andβ = 166.7 MeV/c. Integrating the square of
the Jost function (3) over the nonrelativistic 3-body phasespace
yields the factor in front of|M|2 in Eq. (2).

The presently available data for thepp→ppω reaction cross
section [23,24,26,27,29] are shown in Fig. 1a) as a functionof
the excess energy. Applying Eq. (2) we can extract the average
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reaction amplitude|M|. Corresponding results are displayed
in Fig. 1b). To evaluate theφ/ω ratio for the DISTO and ANKE
data we need thepp→ppω reaction amplitude for excess en-
ergies in the range 10<ǫ<100 MeV. The only data available
in this energy range are those of the TOF [26,27] and SPES-
III [29] collaborations. The reaction amplitude extractedfrom
the SPES-III data via Eq. (2) exhibits a strong energy depen-
dence near threshold which might be due to (neglecting) the
finite width of theω meson. Indeed one should account for
theω width, Γ=8.49 MeV, when analyzing the data at low ex-
cess energies,i.e. at ǫ≃Γ . In that case the relation between the
pp→ppω cross section and reaction amplitude is given as

σ(ǫ)=
1

28π3s
√

s2−4sm2
N

√

s−2mN
∫

2mπ

dx

2π

Γ |M|2
(x−mω)2+Γ 2/4

(
√

s−x)2
∫

4m2

N

dy

√

y2−4ym2
N

√

(s−y−x)2−4yx2

y

y2−4m2
N+4β2

y2−4m2
N+4α2

. (5)

Replacing theω-meson spectral distribution by theδ-function
in Eq. (5) one recovers Eq. (2) in the non-relativistic limit.
Indeed the relativistic corrections play only a minor role at
ǫ<10 GeV, which can be checked by numerical integration
of Eq. (5). Thepp→ppω reaction amplitude extracted from
SPES-III data utilizing Eq. (5) is shown by the open triangles
in Fig. 1b). Although again the amplitude deviates from a con-
stant at smallǫ we interpolate it as|M| = (40±3) fm for our
further OZI analysis. Finally the dashed line in Fig. 1a) shows
the result of Eq. (2) with|M|=40 fm, while the dotted line
indicates the results without FSI corrections,i.e. with α=β in
Eq. (2).

We would like to make a short comment concerning the FSI
corrections, or more precisely concerning the normalization of
the lines in Fig. 1a). Since we choose|M|=40 fm we reason-
ably describe the data forǫ≤1 GeV. But the use of a constant
matrix element in Eq. (2) apparently leads to an overestima-
tion of the cross section at high energies. However, one should
keep in mind that any phenomenological model for that reac-
tion will contain form factors that depend on the squared four-
momentum transfer from the initial to the final proton. This
t-dependence becomes substantial [28] atǫ > 1 GeV and ef-
fectively reduces the value of the integral over the phase space.
This in turn allows to describe data at high energies within such
models [15,16].

3 Results

The formalism for extracting the reaction amplitude|M|2 for
φ-meson production is the same as described in the preceeding
section, except that now theφ mass,mφ, appears in Eq. (2)
and the excess energy is defined byǫ=

√
s−2mN−mφ. Fig. 2

shows thepp→ppφ cross section and the ratio of theφ andω
production amplitude,|Mφ|2/|Mω|2, as a function of the ex-
cess energy. In general, there are no measurements available for
ω as well asφ production at exactly the sameǫ and, in addition,
theω-meson data shown in Fig. 1 indicate some fluctuations,

Fig. 2. (a) Thepp→ppφ cross section and (b) the ratio of the ampli-
tudes|Mφ|

2/|Mω|
2 as a function of the corresponding excess energy.

The square is the result from DISTO [24], the stars are the prelim-
inary ANKE data [25], while the triangles are from Refs. [23,30].
The open circles in (b) are from ratio measurements in the forward
hemisphere [31,32]. The dashed line shows the result of Eq. (2) with
|M| = 2.3 fm, while the dotted line indicates the results without FSI
corrections. The solid lines are the results obtained with the inclusion
of a baryonic resonance coupled toφp system, discussed in Sect. 4.
The hatched area indicates the ratio extracted previously [9] from a
combinedπN andNN OZI analysis. The arrow indicates the OZI
limit given in Eq. (1).

which might be related to systematics. Thus, for calculating the
ratio for the DISTO and ANKE data we use the average ampli-
tude|M| = (40±3) fm for ω meson production. The triangles
in Fig. 2b) show the ratios obtained from the data on the total
cross sections of Refs. [23,30]. The open circles are ratiospub-
lished in Refs. [31,32] which correspond to cross section mea-
surements in the forward hemisphere. Note that at such high
energies differences in the phase space are practically negligi-
ble.

The hatched band in Fig. 2b) indicates the ratioRφ/ω =

(13.4±3.2)·10−3 extracted from a combined analysis ofπN
andNN data in Ref. [9], which is close to the valueRφ/ω =

(12.5±3.4)·10−3 obtained from the vector meson decays. The
DISTO measurement results in the ratioRφ/ω=(36±16)·10−3.
The still preliminary ANKE data [25] are consistent with the
DISTO result. Thus, the central value of the ratio is indeed a
factor of 4 larger than what was found in the other analyses.
Unfortunately, however, the systematic uncertainties of the data
on theφ/ω ratio frompp collisions are rather large and, there-
fore, impede the claim for a clear and more substantial OZI
rule violation as compared to the limits found, for instance, in
vector meson decays.



4 A. Sibirtsev, J. Haidenbauer, U.-G. Meißner:φ-meson production in proton-proton collisions

In any case, it is clear that the near-threshold cross sec-
tion data for the reactionpp → ppφ are enhanced as compared
to the measurements atǫ >1 GeV. This is demonstrated by
the dashed line in Fig. 2a). It corresponds to a calculation us-
ing Eq. (2) and utilizing a constant reaction amplitude,|M|
= 2.3 fm, which is normalized to the high energy data. In or-
der to demonstrate that more clearly let us now use Eq. (2) to
extract the reaction amplitude|M| from the measured cross
sections. Corresponding results are shown in Fig. 3. To facil-
itate a comparision with the energy dependence of the ampli-
tude for the reactionpp → ppω we include here a fit to that
amplitude (dash-dotted line), taken over from Fig. 1. Giventhe
few data available and the large error bars there is some free-
dom in how the curve forω production is superimposed on the
results for theφ production amplitude. Thus, at present one
cannot rule out that theǫ-dependence of thepp → ppφ ampli-
tude is basically the same as the one obtained for the reaction
pp → ppω. On the other hand, the data do suggest that, in
the range0.1 < ǫ < 1 GeV, thepp → ppφ amplitude ex-
hibits a significantly stronger variation with energy than what
is seen for theω production. This characteristic energy depen-
dence could be a sign for an additional reaction mechanism in
theφ production reaction, and specifically it might be caused
by the excitation of a resonance in theφp system. We will elab-
orate on this point in the next section.

Fig. 3. Thepp → ppφ reaction amplitude,|Mφ|, as a function of the
excess energyǫ. The square is the result extracted from the DISTO
data [24], the stars are those for the preliminary ANKE data [25],
while the triangles are from Refs. [23,30]. The lines show results of a
calculation that includes a baryonic resonance in theφp system with
the parameters sets A and B given by Eq. (7). The dash-dotted line
indicates the energy dependence of thepp → ppω amplitude and is
taken over from Fig. 1.

Fig. 4. Theφp andpp invariant mass spectra for the reactionpp →
ppφ at ǫ =76 MeV. The dotted lines show the phase space distribu-
tions, the dashed lines are calculations with inclusion of the pp FSI
and the solid lines are results obtained with including thepp FSI and
aBφ pentaquark resonance with parameter sets A and B from Eq. (7).

4 Speculations on exotic baryons

A few years ago Landsberg proposed [33,34] thatφp produc-
tion, which is OZI suppressed for non-resonant reactions, is
well suited for the search of cryptoexotic baryons with hidden
strangeness,Bφ=uddss̄. It is expected that these pentaquark
baryons have a narrow width and decay preferentially into the
φN , KK̄N or Y K channels, whereY stands for ground-state
or excited hyperons. Note that these decays are OZI allowed.
Experimental limits for theBφ candidates were reported in
Refs. [31,35,36,37,38,39]. There are two independent obser-
vations of a narrow peak in theΣ(1385)0K+ spectra, the first
one with a massM = 2050±6 MeV and widthΓ ≤ 50±19
MeV [37] and the second one withM = 1956+8

−6 MeV and
Γ=27 ± 15 MeV [35]. The high-statistics study of Ref. [39]
of the Σ0K+ mass spectrum indicates two exotic states with
M = 1807±7 MeV, Γ = 62±19 MeV andM = 1986±6
MeV, Γ = 91±20 MeV.

If cryptoexoticBφ baryons indeed exist one expects them
to contribute to thepp → ppφ reaction. That was the basic
idea of the experiment of Ref. [31] where an upper limit for
Bφ → φp was provided but the low statistics did not allow
to draw definite conclusions from theφp mass spectrum. Note
that these measurements were done atǫ ≃ 2 GeV, where the
non-resonant contribution to the processpp → ppφ might dom-
inate, as can be estimated from Fig. 3. In that sense a study ofa
possibleBφ contribution at low excess energies has advantages
and we expect that COSY is well suited for such an investiga-
tion [40].
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To estimate the possible effect from aBφ state, we intro-
duce a baryonic resonance in theφp subsystem and parameter-
ize the reaction amplitude by

M = M0 +
c0e

iφMΓ

M2 − sφp − iMΓ
, (6)

whereM andΓ are the resonance mass and width, respectively,
while sφp is the squared invariant mass of theφp subsystem.
Here we takeM0 = 3 fm, in line with the data at higher en-
ergies, cf. Fig. 3, and adjust the real constantc0 so that the
pp → ppφ data are reproduced over the whole considered en-
ergy range. The possible phaseφ between the two amplitudes
was chosen to beφ=0 for convenience (note also that the ex-
isting data do not allow to pin down this phase). The curves in
Fig. 3 correspond to calculations with two different parameter
sets:

A : M = 1956 MeV, Γ = 120 MeV, c0 = 8 fm

B : M = 2000 MeV, Γ = 40 MeV, c0 = 8 fm (7)

Obviously it is not possible to determine theBφ parameters
unambiguously from the ANKE and the DISTO data on the
reaction cross section. Therefore, we present results fromtwo
different sets which describe the data almost equally well.A
reasonable choice ofBφ allows to reproduce the data onpp →
ppφ cross section, as illustrated by the two solid lines in Fig. 2a).
It is clear that, in principle, the largepp → ppφ cross section
at low energies could be explained by aBφ excitation.

However, this is rather speculative and further detailed stud-
ies are necessary before conclusions can be drawn. First it is
important to have the final results from the ANKE Collabora-
tion [40] with high statistical accuracy and also at low excess
energies, where the differentBφ resonances yield different en-
ergy dependences of thepp → ppφ reaction cross section. It
would be also important to get data for thepp → ppφ reaction
at higher energies to verify the strong energy dependence ofthe
reaction amplitude in the region0.1 < ǫ <2 GeV, and specifi-
cally to map out the energy dependence in that region in detail.
This could e.g. be done at the JINR Nuclotron [41].

Independently of that, a direct investigation of a possible
Bφ contribution can be done through the analysis of theφp and
pp invariant mass spectra. Fig. 4 shows results for these mass
spectra for thepp → ppφ reaction atǫ = 76 MeV, i.e. for the
current experimental setup of ANKE. The dotted lines repre-
sent the phase space distribution with|M| = const., while the
dashed lines are calculations where thepp FSI is taken into ac-
count via Eq. (3). The solid lines in Fig. 4 are predictions that
include thepp FSI and aBφ resonance with parameter sets A
and B given in Eq. (7). It is clear that the identification of aBφ

contribution requires high statistical accuracy and a highmass
resolution. These are prerequisites for any experiment with the
aim to resolve the issue of the possible existence of exotic pen-
taquark baryons with hidden strangeness.

5 Summary and outlook

In this paper, we have studied aspects of vector meson pro-
duction in proton-proton collisions. We have proposed a strat-
egy that allows to extract the OZI ratioRφ/ω correcting for

the kinematical differences in the processespp → ppω and
pp → ppφ, respectively, and for the final-state interactions.
The resulting values collected in Fig. 2 are somewhat larger
but still compatible with the extraction ofRφ/ω from πN and
NN reactions. We have also pointed out a strong energy de-
pendence of thepp → ppφ reaction amplitude for excess ener-
gies0.1 < ǫ < 1 GeV. This might be indicative of a resonance
coupling strongly to theφp system. We have presented results
assuming the presence of a cryptoexotic baryon with hidden
strangeness. However, to establish such a state, a precise mea-
surement of invariant mass distributions, see Fig. 4, is manda-
tory. Such measurements could be performed with the ANKE
detector at COSY.
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