arXiv:nucl-th/0210079 v1 25 Oct 2002

Photoproduction of ϕ mesons from nuclei^∗

P. Mühlich,^† T. Falter, C. Greiner, J. Lehr, M. Post, and U. Mosel Institut für Theoretische Physik, Universität Giessen, D–35392 Giessen, Germany

We investigate the consequences of possible medium modifications of the ϕ meson at finite nuclear matter density on the K^+K^− mass distribution in photonuclear reactions. The inclusive cross sections for K^+K^− pair production are calculated within a semi–classical BUU transport model, which combines the initial state interaction of the incoming photon with the final state interactions of the produced particles. The effects of final state interactions on the invariant mass distribution of the observed K^+K^− pairs are discussed in detail. In addition we calculate the Coulomb correction and possible effects of hadronic kaon potentials on the K^+K^− mass spectrum. Due to the large cross sections for reactions of the final state particles with the surrounding nuclear medium and the influence of the Coulomb potential we find no measurable sensitivity of the observables to the ϕ properties at finite baryon density.

PACS numbers: 25.20.Lj, 13.25.-k, 14.40.Cs Keywords: photonuclear reactions, ϕ decay in nuclei, medium properties of mesons

I. INTRODUCTION

Medium modifications of hadrons result on the one hand from standard hadronic many–body effects, which first of all appear to be completely independent of the partonic sub–structure of these particles. In particular the determination of the ρ meson spectral function has attracted much theoretical interest in recent years [1, 2, 3]. On the other hand, it is expected, that the properties of hadrons are influenced by the spontaneous breaking of chiral symmetry [4]. The authors of [5, 6, 7] calculated within a QCD sum rule approach, that the masses of the light vector mesons drop in nuclear matter due to a partial restoration of chiral symmetry and the lowering of the chiral condensate. Up to now it is completely unknown, in which manner the mentioned many-body effects are connected with chiral symmetry restoration [8].

In this respect also the in–medium properties of the ϕ meson have been a subject to several theoretical studies [9, 10, 11]. The predictions of these works have in common a quite small mass shift at normal nuclear matter density but a sizeable enhancement of the ϕ width up to one order of magnitude above its free width of 4.4 MeV. The investigation of the ϕ in–medium properties is of great interest due to various reasons: On the one hand the ϕ is neither in the dilepton nor in the KK̄ invariant mass spectrum concealed by other resonances. On the other hand the ϕ properties are of fundamental interest for basic features of QCD, since one expects to gain not only information about chiral symmetry restoration but also about the strangeness admixture in the nucleon [12] and the appearance of the quark–gluon plasma in heavy–ion collisions [13, 14].

Furthermore, there has been the experimental effort to look for the existence of a small, but significant decrease in the peak mass of the invariant mass spectrum of the ϕ meson, occuring for central heavy ion collisions. However, these measurements found that the actual ϕ mass distribution was consistent with that of the free ϕ meson [15].

The purpose of the present paper is to analyse in detail the feasibility of an experiment running soon at Spring8/Osaka [16]. The considered reaction is inclusive photoproduction of ϕ mesons from nuclei, looking at the K^+K^− invariant mass spectrum, which contains both information about the mass and the width of the produced ϕ mesons. The experiment will be performed with a photon beam of 2.4 GeV maximum energy, which is produced by backward Compton scattering of laser photons from an 8 GeV electron beam. As pointed out in [16], the estimated mass resolution of the detector is 600 keV, which is much smaller than the free ϕ width. Thus, the observables could be highly sensitive to small deviations of the mass distribution compared to the situation in free space.

Already the authors of [17] performed a many–body calculation with a similar purpose as in the present paper. In this study the photon self–energy diagram for a ϕ and a particle–hole in the intermediate state was calculated. They used the results for the ϕ width obtained in [11], which contains ’elastic’ contributions (ϕ → KK̄) due to the renormalization of the kaons and ’inelastic’ contributions due to ϕN absorption reactions (ϕN → KΛ, Σ, etc.). The final state interactions (FSI) were taken into account by a Glauber–type geometrical damping factor for outgoing

∗Supported by DFG and BMBF †Electronic address: pascal.muehlich@theo.physik.uni-giessen.de

anti–kaons. As a final result the authors of [17] found an observable enhancement of the width of the invariant K^+K^− mass distribution by a factor of about two.

At first sight, the observation of medium properties of the ϕ through the KK̄ invariant mass spectrum seems rather unlikely due to two reasons: First, most of the ϕ mesons will decay outside the nucleus due to the small width of the ϕ resonance. As will be discussed below, this problem can be avoided by restricting the three momenta of the observed kaon–anti–kaon pairs to about 150 MeV as already proposed in [17]. Second, the invariant mass spectrum might be strongly distorted by KN and K̄N reactions, for which the cross sections are quite large. The influence of these effects on the shape of the mass spectrum will be discussed in detail in the section concerning the results of our calculations.

For the description of the photonuclear reaction we make use of a semi–classical BUU transport model. Our model allows the calculation of inclusive particle production in heavy ion collisions from 200 AMeV to 200 AGeV [18] and in pion [19], photon [20, 21] and electron [22] induced reactions with just the same physical input. Already in [23] observable consequences of medium modifications of the light vectormesons ρ and ω through their dileptonic decay in photon–nucleus reactions were investigated. A presentation of the model in full detail was given in [20].

In the BUU model the photon–nucleus reaction is described as a two–step process. In the first step the incoming photon reacts with a single nucleon (impulse approximation). Since for the considered photon energy the effect of nuclear shadowing has an observable impact on the cross sections [24], the shadowing effect is taken into account as explained in [25]. In the second step the produced particles are propagated explicitly through the nucleus allowing for all kinds of final state interaction. This part of our model is governed by the semi–classical transport equations.

We take into account elastic ϕ photoproduction as well as inelastic ϕ production as elementary γN processes. An important ingredient to our model is the elastic ϕ photoproduction cross section, for which various models are available [26, 27, 28, 29]. Moreover, inelastic ϕ photoproduction, i. e. processes of the type γN → ϕπN and γN → ϕKK̄N , turns out to play the dominant role in the regime of ϕ momenta below a few hundred MeV and therefore has to be included in order to allow calculations yielding absolute numbers to be compared to experiment. Since for these processes neither experimental data nor microscopic models are available, we simulate these events using the Lund model FRITIOF [30].

The inelastic ϕ photoproduction processes have not been included in [17]. Furthermore, compared to the purely absorptive FSI of [17] our model allows for a more realistic description of the FSI, taking into account also regeneration, side–feeding and inelastic scattering of the considered mesons. Inelastic ϕN scattering, i. e. ϕN → ϕX, yields a slowing down of ϕ mesons, which is particularly important when the above mentioned momentum cuts are applied. As in the case of inelastic ϕ photoproduction, we use the FRITIOF routine to model these reactions. Also the distortion of the mass spectrum by elastic FSI can be investigated directly in our approach due to the explicit inclusion of elastic scattering processes.

Our paper is organized as follows: In section II we discuss briefly the elementary cross sections for ϕ photoproduction from the nucleon. In section III we describe the BUU equation and the cross sections concerning the FSI. Some details of our calculations and the final results, studying thoroughly the visibility of medium modifications of the ϕ, are presented in section IV. We close with a summary in section V.

II. ELEMENTARY ϕ PHOTOPRODUCTION CROSS SECTIONS

A. Inelastic ϕ photoproduction

For the simulation of high energy photoproduction processes we use the Lund model FRITIOF [30]. In the FRITIOF model particle production occurs as a two step process. First, two excited states with the quantum numbers of the incoming hadrons are produced (string excitation). In the second step these strings fragment into observable hadrons (fragmentation).

Since the FRITIOF model does not accept photons in the entrance channel, we use the vector meson dominance model to replace the photon by a massless ρ, ω or ϕ meson. The relative probability p_V to initialize a particular vector meson V , i. e. the hadronic content of the incoming photon, is given by the strength of the coupling of the vector meson to the photon times its nucleonic cross section σ_{V N} :

p_V = ( e g_V )_2 σ_{V N} σ_{γN} , (1)

where σ_{γN} is the total photon nucleon cross section. For a detailed review of this method we refer to [25].

In [31] it has been checked, that the FRITIOF model gives a good description of inclusive particle production for elementary hadronic reactions. However, one cannot expect to get an equally good description of elastic processes.

Therefore elastic vector meson production as well as exclusive strangeness production [21] are treated independent of the FRITIOF model, if explicit cross sections are available.

The only nucleonic resonance that FRITIOF produces as a product of the fragmentation process is the Δ(1232). As a consequence of the missing higher nucleon resonances there might be too much strength in outgoing channels including the Δ resonance. This can be seen in the angular differential cross section for the reaction γN → ϕX, which due to the particular process γN → ϕΔ exhibits an unphysical peak in forward direction.

Therefore we treat not only the elastic ϕ production process but also the process γN → ϕΔ independent of FRITIOF. We parameterize the total cross section with the following ansatz: σ = 1 p_is ∫ dμ_ΔS_Δ(μ_Δ)|M|^2p_f (μ_Δ), (2)

where S_Δ denotes the spectral function of the Δ. For the angular distribution we use an exponential form factor times a propagator, assuming a dominant contribution from t–channel exchange: dσ dt ∝ exp(Bt) ( 1 t − m^2_π )_2 (3) For the parameter B we take a value of B = 6.5 GeV^{−2} from a fit to inelastic ϕ photoproduction data in the mass region of the Δ resonance in ref. [32]. We adjust the constant matrix element for the total cross section in order to describe the experimental data points for inelastic ϕ photoproduction in the mass range 1.2 GeV ≤ M_X < 2.1 GeV, measured at photon energies between 4.85 GeV and 5.85 GeV [32]. We find a value of M = 0.0866. In figure 1 we show the resulting inelastic ϕ photoproduction cross section in comparison with experimental data at different energies. The agreement is quite good at low energies, whereas the data are less well reproduced at higher energies.

B. Elastic ϕ photoproduction

For the elastic ϕ photoproduction process we use model A from ref. [28]. In this model the ϕ photoproduction amplitude is given as a coherent sum over the pomeron–, π–, η– and s– and u–channel exchange diagrams.

In principle the ϕN N coupling in the Born diagrams should be dressed by a cutoff form factor for off–shell nucleons. Using a s–dependent form factor for the s–channel and a u–dependent form factor for the u–channel would result in a violation of gauge invariance with respect to the photon and ϕ meson fields alike. Hence in [28] a constant form factor F = F_s = F_u = 1 was used. This leads to an overestimation of the angular differential cross section for high momentum transfers, where the s– and u–channel contributions become dominant.

Following the model of ref. [33] we therefore introduce an overall form factor, which keeps the gauge invariance of the amplitude as well:

(M_s + M_u)^′ = F (s, u) (M_s + M_u) . (4)

This form factor is composed as follows:

F (s, u) = a_sF (s) + a_uF (u) with F (x) = Λ^4/(Λ^4 + (x − m^2_N )^2), (5)

where the prefactors a_s and a_u have to fulfill the constraint a_s + a_u ≡ 1. We fit the parameters of the model in order to describe the data at a photon energy of 2 GeV [34] as well as the data at 3.6 GeV [35]. Excellent agreement can be achieved with a cutoff of Λ = 1.87 GeV and factors a_s = 0.9 and a_u = 0.1. The main effect of this form factor then is the supression of the s– and u–channel contributions at large values of the invariant energy s. The resulting cross section is shown in figure 2 in comparison with the experimental data.

As already mentioned in the introduction one has to apply severe momentum cuts to the K^+K^− three momentum in the γA reaction in order to guarantee that a considerable fraction of events stems from ϕ decays inside the nucleus. In figure 3 we compare the momentum spectrum of exclusive (=elastic) and inclusive (=elastic+inelastic) produced ϕ mesons. One can see that in the region of low ϕ momenta the cross section is dominated by the inelastic ϕ photoproduction processes by about one order of magnitude. Therefore it is essential to take the inelastic processes into account in order to investigate the sensitivity of observables on the in–medium properties of the ϕ.

III. THE TRANSPORT MODEL

Since our model was presented extensively in [18, 19, 20, 21, 22, 23] and references therein, we restrict ourselves to a brief description of some essential features of the model, which are of immediate interest to the present work.

A. The BUU equation

The BUU equation describes the time evolution of the one–particle phase–space density f(⃗r, ⃗p, t) under influence of an effective mean field potential U (⃗r, ⃗p, f) and a collision term taking account of the Pauli principle. For the description of a system of particles with continous mass spectra the classical equation is extended by defining the spectral phase–space density as the product of the ordinary phase–space density f and the particle spectral function S [23, 36]: F (⃗r, ⃗p, μ, t) = f(⃗r, ⃗p, t)S(⃗r, ⃗p, μ, t), (6) where ⃗r and ⃗p are the spatial and momentum coordinates of the particle and μ denotes its invariant mass. The set of transport equations for a system of N particle species then is given by (∂_t + ∂_{⃗p}H_i∂_{⃗r} − ∂_{⃗r} H_i∂_{⃗p})F_i = I_i[F_1, ..., F_N] i = 1, ..., N (7) where I_i[F_1, ..., F_N] denotes the collision term, which now also contains the spectral information of the particle. H_i = H_i(⃗r, ⃗p, μ, F_1, ..., F_N) is the single–particle mean field Hamilton function, which in our model is given by the relativistic expression for the single–particle energy

H_i = √ (μ_i + U_i)^2 + ⃗p^2_i , (8)

with the effective scalar mean field potential U_i = U_i(⃗r, ⃗p, μ, F_1, ..., F_N).

B. The collision term

The collision term can be decomposed in a gain and a loss term. In an obvious notation the collision term then reads: I_i(⃗r, ⃗p, μ, F_1, ..., F_N) = G_iS_i(1 ± f_i) − L_iF_i, (9) where the upper sign holds for bosons and the lower sign for fermions, in the latter case accounting for the Pauli principle.

The gain term accounts for the creation of particles of the type i in the phase–space element with coordinates (⃗r, ⃗p, μ) due to all kinds of collisions with particles of type i in the final state. Rewriting the general expression for G_i in terms of cross sections for these processes, neglecting n–body collisions, n ≥ 3, one obtains

G_i = (2π)^3 ∑ 1,2 ∑ X ∫ d^3p_1dμ_1 (2π)^3 d^3p_2dμ_2 (2π)^3 v_{12}F_1F_2 ( d^3σ dp^3_i ) 12→iX (1 ± f_3)...(1 ± f_m) (10)

where v_{12} is the relative velocity of the incoming particles 1 and 2 and X denotes a final state consisting of the particles 3, ..., m.

The loss term accounts for the annihilation of particles of type i and can be written in the following way:

L_i = Γ^∗_{i→X} + ∑ 2 ρ_2⟨ ∑ X v_{i2}σ_{i2→X} (1 ± f_3)...(1 ± f_m)⟩, (11)

where Γ^∗_{i→X} denotes the total decay width of the particle species i including medium corrections, i. e. Pauli blocking / Bose enhancement of the final state. ρ_2 is the spatial density of the particle species 2 and v_{i2} is again the relative velocity of the incoming particles. The square brackets have to be understood as an average over the momentum distribution of particle species 2. Note that the second term of expression (11) has the general form of a collision width, arising from two–body collisions of particle species i and 2.

1. ϕN–collisions

For invariant energies below √ s = 2.2 GeV we include the following processes for ϕ–nucleon collisions: ϕN → ϕN ϕN → KΛ ϕN → πN ϕN → ϕΔ, ηN, ηΔ, η^′N, η^′Δ, KK̄N, ππN

For the elastic scattering process we exploit the vector meson dominance model (VMD). We take the model for elastic ϕ photoproduction, which we discussed in the previous section II B, and replace in the appropriate diagrams the incoming photon by an incoming ϕ, using a coupling constant g^2_ϕ/4π = 13.2 from [37]. The π–exchange diagram does not contribute to elastic ϕN scattering, since there is no ϕϕπ–coupling due to isospin conservation. This method also delivers the angular distribution for elastic ϕN –scattering. We use this cross section also for invariant energies above 2.2 GeV.

For the process ϕN → KΛ we adopt the cross section of ref. [38], which has been calculated based on a kaon exchange model. The cross section for the process ϕN → πN we obtain via the detailed balance relation σ_{ϕN→πN} = 1 3 ( p_f p_i )_2 σ_{πN→ϕN} , (12) where p_f is the momentum of the πN system and p_i the momentum of the ϕN system. The cross section σ_{πN→ϕN} we take from [39], where a resonance parameterization was fitted to experimental data.

For the cross sections of the remaining processes we make a simple phase–space model. The cross sections of processes involving a Δ resonance in the final state are parametrized by an ansatz similar to equation (2). For the processes ϕN → ηN and ϕN → η^′N we assume the final state particles to be sharp states. Hence we have σ = p_f p_is |M|^2. (13)

Finally we take the cross sections for processes with three particles in the final state as constant for simplicity. The matrix elements of all these cross sections are fitted in order to allow for a smooth transition to the high energy cross sections provided by the FRITIOF model, which we exploit for energies above √ s = 2.2 GeV, see section III B 3. The cross sections discussed above are displayed in figure 4. We also note that all these cross sections are not accessible by experiment and therefore a considerable uncertainty arises. We will come back to this point when discussing the results of our calculations.

2. KN– and K̄N–collisions

For collisions of kaons and nucleons at energies below √ s = 2.2 GeV we include the following processes: KN → KN KN → KπN. For anti–kaon–nucleon collisions we have the following processes: K̄N → K̄N K̄N → πΛ K̄N → πΣ K̄N → πY^∗. The cross sections for these processes are discussed in detail in reference [21], appendix A. In contrast to the ϕN cross sections the cross sections for KN and K̄N collisions are well confirmed by experimental data [21].

3. FRITIOF

For meson–baryon collisions at invariant energies above √ s = 2.2 GeV we use the Lund model FRITIOF [30], which we sketched already in the section dealing with the inelastic photoproduction channels. In the FRITIOF model hadrons are described in the simple valence–quark picture, i. e. baryons consist of three quarks whereas mesons are build of a quark and an antiquark. Since FRITIOF does not take into account quark exchange between the two initial hadrons, some processes are not possible, for instance the process πN → ΛK (cf. ref. [31]). Such flavor exchange processes are important primarily at low energies.

As already mentioned earlier, one cannot expect to get a good description of elastic scattering processes by the FRITIOF model. Therefore, we treat elastic vector meson–nucleon scattering for all energies independent of the FRITIOF model.

The FRITIOF model only delivers the relative abundances of the various hadronic final states. In order to obtain cross sections the total cross section for a given initial state has to be put in by hand. For high energy ϕ–nucleon collisions we use a total cross section of σ_ϕ = 12 mb, which is motivated by ϕ meson photoproduction at high energies using the vector meson dominance model [40]. In figure 5 we show the resulting high energy ϕ–nucleon cross sections.

C. The ϕ spectral function

The ϕ spectral function is in our model parameterized by a relativistic Breit–Wigner distribution

S_ϕ(s) = 2 π sΓ_{tot}(s) (s − m^2_0)^2 + sΓ^2_{tot}(s)

, (14)

where Γ_{tot}(s) denotes the total energy–dependent width and m_0 the pole mass of the ϕ . For the energy dependence of the hadronic decay widths of all baryonic and mesonic resonances we adopt the parameterization of [41], which has also been described in [23]. For the decay of a ϕ meson into a KK̄–pair at energies around the ϕ meson pole mass the general expression for the width can be reduced to

Γ_{ϕ→K}¯_K(μ) ≈ Γ_{ϕ→K}¯_K (m_0) m_0 μ ( p(μ) p(m_0)

)_3

, (15)

where μ is the invariant mass of the ϕ and p(μ) is the kaon momentum in the ϕ rest frame. This expression has exactly the same energy dependence as the ϕ width derived by a one–loop calculation in [10] and [11].

For the in–medium width of the ϕ we make the following ansatz:

Γ_{med}(⃗r, |⃗p|, μ) = Γ_{vac}(μ) + Γ_{coll}(⃗r, |⃗p|, μ) (16)

with the vacuum width Γ_{vac}, which is a sum of the KK̄ width as discussed above and a rather small contribution from the ρπ–channel, and a collision width Γ_{coll}, which in addition depends on the spatial and momentum coordinates of the ϕ. According to equation (11) the collision width due to ϕN collisions is given by

Γ_{coll}(⃗r, |⃗p|, μ) = γρ⟨v_{rel}σ^{tot}_{ϕN} ⟩, (17)

where γ denotes the Lorentzfactor for the transformation from the nuclear rest frame to the ϕ rest frame. The brackets indicate an average over the Fermi motion of the nucleons, v_{rel} is the relative velocity of nucleon and meson and σ^{tot}_{ϕN} is the total ϕN cross section. At nuclear density ρ_0 = 0.17 fm^{−3} and vanishing ϕ momentum the ϕ collision width then amounts to 24 MeV and therefore is comparable to the ϕ width obtained by a more involved many–body approach in [11]. We also note that by means of the ansatz (16) the decay width of the ϕ into KK̄–pairs is not modified, since the complete collision width corresponds to other decay channels, for instance ϕN → KΛ^1.

D. Off–shell transport

The transport equations (7) alone do not yield the right asymptotic phase–space densities, since a particle, which is collisional broadened in the medium, will not automatically lose its width as it propagates into the vacuum^2. Therefore an ad–hoc method was introduced in [23, 36] in order to allow for a dynamical treatment of particle mass spectra.

Within this approach the off–shellness of a given particle is absorbed in a scalar potential, which is defined as

s_i(ρ_i(t)) = (μ^{med}_i − μ^{vac}_i ) ρ_i(t) ρ_i(t_{cr})

, (18)

where μ^{med}_i denotes the in–medium mass of the particle, choosen according to the in–medium spectral function, and μ^{vac}_i denotes the particle mass which is choosen according to the vacuum spectral function. ρ_i(t) is the baryon density during the propagation at time t, whereas ρ_i(t_{cr}) is the density at the creation point. The effective in–medium mass of the particular particle is given by:

μ^∗_i (ρ_i(t)) = μ^{vac}_i + s_i(ρ_i(t)). (19)

This description obviously yields an evolution of the particle mass to its correct asymptotic value. At the creation point inside the nucleus the particle mass is equal to the in–medium mass μ^∗_i (ρ(t_{cr})) = μ^{med}_i , whereas as the particle

1 This holds as long as the masses of K and K̄ are not modified in the medium. Including also a K/K̄ renormalization the modification of the decay width is obviously given by the momentum dependence of expression (15).

2 Actually, particles with large width are driven back to their free width by the collision term alone, see [23].

travels outside the nucleus, it propagates back to a mass according to its vacuum spectral function μ^∗_i (ρ = 0) = μ^{vac}_i . To guarantee energy conservation, the potential s_i enters as an usual scalar potential into the equations of motion.

This recipe has been justified a posteriori by the works of [42] and [43]. Their more refined transport equations go over into our off–shell transport description by assuming that the particle width scales linearly with the density, neglecting its momentum dependence, and that the off–shellness (i. e. E_i − E_0, where E_i is the particle energy during the propagation and E_0 is the appropriate on–shell energy) is small. Both constraints are fulfilled quite well by the ϕ meson, which gains a collision width in the medium. Since the ϕ width is small compared to its mass, the off–shellness indeed should be small. A collision width, which arises from two body collisions of the ϕ meson with nucleons in the nuclear environment, has in first order a linear dependence on the nuclear matter density (see equation (17)).

IV. RESULTS

We perform our calculations for a^{40}Ca nucleus at a photon energy of 2.4 GeV, which is the maximum beam energy of the Osaka experiment [16]. We initialize the nucleons in ⃗r–space according to the Woods–Saxon density distribution with the parameters given in [22], whereas the distribution of protons and neutrons is assumed to be the same. For the initialization in momentum space we apply the local density approximation, where the ground state nucleon momenta are distributed homogeneously in the Fermi sphere up to a local Fermi momentum p_F (r), given by its nuclear matter value at density ρ(r):

p_F (⃗r) = ( 3 2 π^2ρ(⃗r) )_{1/3} . (20)

As mentioned earlier the K^+K^− three momentum has to be restricted to very small values in order to ensure that a sufficient fraction of events stem from ϕ decays at finite density. From the life–time and the velocity of a given ϕ meson one can easily get an estimate on the distance d which the ϕ has travelled during its life–time (i. e. the time after which the ϕ has decayed with a probability of 63%), which has to be compared to the radii of the considered nuclei. Corresponding to the radius of^{40}Ca, R ≈ 4 fm, we use three different cutoff values Λ for the ϕ three–momentum: Λ = 300 MeV (d = 12.8 fm), Λ = 150 MeV (d = 6.4 fm) and Λ = 100 MeV (d = 4.3 fm).

The observable of interest, which eventually exhibits modifications due to an in–medium change of the ϕ mass and width, is the mass differential cross section for inclusive photoproduction of K^+K^−–pairs from nuclei. Within the transport approach we write the mass differential photon–nucleus cross section in the following way: ( dσ dM ) γA→K^+ K^−X ∼ ∫ d^3r p_F (⃗r)∫ d^3p ∫ dμ Θ(Λ − |⃗p_K+ + ⃗p_K− |)δ(M − m_K+_K− )

× { σ_{γN→ϕX} S_ϕ(μ) Γ_{ϕ→K}+_K− Γ^{tot}_ϕ + ( dσ dμ )_{non−res} γN→K^+ K^−X } N_K+_K− , (21)

where μ is the invariant mass of the primary produced ϕ meson or K^+K^−–pair and m_K+_K− is the asymptotic invariant mass after the propagation. S_ϕ(μ) denotes the ϕ spectral function and Λ is the momentum cutoff parameter. The factor N_K+_K− specifies the asymptotic number of K^+K^−–pairs with invariant mass m_K+_K− , which is the result of the solution of the coupled system of transport equations.

At photon energies above around one GeV also the effect of nuclear shadowing, which, for simplicity, we did not account for in equation (21), is not neglegible [24]. The implementation of this coherence effect into a semi–classical transport model is described in detail in [25]. In our calculations the effect of nuclear shadowing yields a reduction of the cross sections by about 15%.

A. Inclusive ϕ photoproduction from nuclei

1. Momentum spectrum

First we consider the momentum differential cross section for ϕ photoproduction from^{40}Ca, depicted in figure 6. In this plot we show five different curves, corresponding to different scenarios: two curves belong to calculations in which only elastic ϕ production is taken into account as elementary γN –process and two curves correspond to calculations where also inelastic ϕ production is taken into account. For both cases we show calculations with and without final state interactions (FSI). Furthermore we also show the momentum spectrum for the total inclusive K^+K^−–photoproduction reaction, including also non–resonant background production of K^+K^−–pairs (i. e. the reaction γN → K^+K^−N which processes not via an intermediate ϕ meson).

Comparing the curves of the exclusive calculations, which in the case without FSI drop very rapidly to low momenta, we find an appreciable enhancement of the spectrum in the region of low ϕ momenta when the FSI are included. This modification arises in the first place from inelastic ϕ–nucleon reactions, i. e. the processes ϕN → ϕX. The final state X mainly consists of a nucleon or a nucleon resonance and one or several pions. The inclusive calculations show a similar behavior, albeit it is not as obviously visible as in the mere exclusive case. This is due to the absorption of primarily slow ϕ mesons produced by inelastic photoproduction processes, which acts against the production of low– momentum ϕ mesons during the FSI. Even though the inclusive and exclusive curves differ at intermediate momenta by up to one order of magnitude in calculations without FSI, the curves with FSI differ in the region of interest at momenta below 300 MeV merely by a factor of about two.

Due to this slowing down we find a strong sensitivity of the calculated observables on the ϕ–nucleon cross sections. As already mentioned in section III B 1 these cross sections are not accessible by experiment and therefore a considerable uncertainty arises. Hence we perform two additional calculations where we multiply/divide all cross sections for ϕ– nucleon processes by a factor of two in order to get an estimate on the systematic uncertainties of our calculations. The results are shown in figure 7. In the region of low ϕ momenta we find discrepancies of the cross sections in both directions of up to 30%. Note that an increase of the ϕN cross sections yields a further enhancement of the ϕ momentum spectrum at very low momenta, stressing again the more significant influence of the inelastic ϕN scattering processes, which enhance the slow ϕ meson yield, compared to the absorption of ϕ mesons at low momenta. Since we artificially put in an extreme modification of the ϕ in–medium cross sections, which – at least for high ϕ energies – can be excluded by the VMD relation to high energy ϕ photoproduction, we can be quite confident that the systematic error of our calculations due to the ϕ–nucleon cross sections is not larger than the estimated value.

The elastic and inelastic ϕ–nucleon reactions increase the yield of low–momentum ϕ mesons by a large factor. Thus, most of the slow ϕ mesons, which are responsible for in–medium effects in the observables, are produced by rescattering. For this reason these processes are certainly not negligible. This again underlines the advantage of our model compared to more simple Glauber–type models as [17], which treat the FSI as purely absorptive and, therefore, cannot account for ϕ mesons produced during the FSI.

2. Invariant mass spectrum

In figure 8 we show the mass differential cross section for inclusive K^+K^−–photoproduction from^{40}Ca. In this calculation the ϕ is always produced corresponding to its vacuum spectral function, i. e. no medium–modifications of the ϕ were considered. In this figure also the density at which the K^+K^−–pair was created, i. e. where the ϕ decayed, is indicated (see figure caption for details).

In the upper spectrum we included no momentum cut. The relative amount of events where the ϕ decays at finite nuclear matter density is vanishingly small. Introducing a momentum cutoff (lower spectra) we find an increasing contribution of in–medium decays. Despite the rather strong absorption of the final state particles one gets a fair amount of decays also from higher nuclear densities ρ > 0.5ρ_0 when a cutoff for the ϕ momentum of 150 MeV is applied. This should lead to observable consequences if the ϕ properties in the nuclear environment are indeed modified.

In these spectra one can see very nicely that the mass spectrum will not be distorted by elastic K^+– and K^−–FSI. Even the events stemming from ϕ decays at finite densities form a spectrum which is hardly broader than the free ϕ–width. This is clearly what one expects due to the following reasons: First, these events still stem from the nuclear surface and therefore the kaons travel only a short distance through a region with finite density. Hence the probability to scatter elastically is very small. Second, these kaons have a very low momentum and therefore the momentum transfer from such a kaon to a nucleon would be very small. Hence, any such scattering processes are hindered by Pauli–blocking.

One further important result of this calculation is the signal to background ratio. From the momentum spectrum in figure 6 it is not clear if the ϕ signal can easily be distinguished from the non–resonant background if momentum cuts are applied. For small K^+K^−–momenta the momentum differential background cross section is much larger than the resonant contribution. Due to the fact that the ϕ is a very narrow resonance and we therfore look only on a very limited region in M the ϕ survives as a clearly visible peak, as can be seen in figure 8, bottom.

3. Collision broadening

In figure 9 we show our results on the K^+K^− invariant mass distribution now including the collision width of the ϕ following equation (17). To compare the width of the obtained spectra with the free spectral function of the ϕ we fit a Lorentz–curve to the calculated cross sections and compare the fitted curve to a Lorentzian with the free ϕ width of 4.4 MeV. One can see very nicely how the width increases as the momentum cutoff parameter is decreased. At a cutoff of Λ = 100 MeV we find a total width of the spectrum of 8.2 MeV, which is nearly twice the free width of the ϕ, corresponding to an average decay density of only ρ_0/7. In principle this should be a measurable modification of the spectrum compared to the spectrum obtained from ϕ photoproduction off the proton.

These results may now be compared to the results reported in [17]. The authors of [17] took only the exclusive ϕ photoproduction mechanism into account. In addition, in their model the FSI are treated as purely absorptive by a K^−–absorption factor. On the other hand, these authors included an in–medium change of the ϕ properties going beyond the collision width, accounting also for a modifcation of the K^+/K^− spectral functions in the nuclear medium. Despite these obvious differences of the two models the results for the width are in quite good agreement. The reason for this is rather obvious: Due to the large absorption cross sections for the final state particles the calculated spectra are merely sensitive to the nuclear surface. Therefore the production mechanism – if of primary or secondary nature – has basically no influence on the observables apart from the overall strength of the cross sections.

4. Dropping ϕ meson mass

According to Brown–Rho scaling [4], the QCD sum rule predictions of Hatsuda and Lee [5] and the model of [6] we model the ϕ meson mass shift by introducing a scalar potential U_S (⃗r): U_S (⃗r) = −αm_0 ρ(⃗r) ρ_0

, (22)

where ρ(⃗r) is the nuclear density, ρ_0 = 0.168 fm^{−3}, m_0 the ϕ meson pole mass and α = 0.03. The effective pole mass of a ϕ in the nuclear environment then is given by

m^∗_0 = m_0 + U_S (⃗r). (23)

This potential then corresponds to a downward shift of the ϕ pole mass of 30 MeV at saturation density.

In figure 10 we compare our results on the K^+K^− mass distribution including the mass shift of the ϕ with the results obtained without the ϕ mass shift, in both cases including the ϕ collision width. Since even applying severe momentum cuts most of the ϕ’s decay in vacuum, the largest contribution to the invariant mass spectra comes from ϕ meson decays around the ϕ vacuum pole mass of 1.02 GeV. The contributions from ϕ decays at finite densities and therefore around lower pole masses, lead only to a small shift of spectral strength down to lower invariant masses. Hence, concerning the shape and the position of the pole, we find only tiny modifications of the K^+K^− mass spectrum due to the dropping ϕ meson mass. Most likely, this effect can experimentally not be distinguished from the mere collision broadening.

On the other hand, the total cross section increases considerably. This increase cannot be explained by the larger phase–space for the production of ϕ mesons with lower mass, which gives only a five percent correction to the cross section. Instead this rise is due to the weaker absorption of the K^−. At saturation density ϕ mesons are produced around a pole mass of 990 MeV, which lies slightly below the two kaon threshold (992 MeV). These ϕ mesons are stable with respect to the K^+K^−–decay until they travel to the nuclear surface, where their mass again rises due to the smaller nuclear density there. In the nuclear surface the probability of absorption is much smaller and therefore more K^+K^−–pairs survive. However, this increase is primarily a theoretical statement and cannot be judged experimentally due to the uncertainties of side–feeding and the cross sections implemented.

B. Kaon potentials

1. Electromagnetic potential

So far our calculations have been done without taking the Coulomb potential into account. Because of the much larger range of the Coulomb potential compared to the hadronic potentials, transport calculations including the electromagnetic force are connected with a considerable higher computational effort. Nevertheless the effects of the Coulomb potential on the production of low–momentum K^+K^− pairs in nuclei are in principle not negligible.

Since the single–particle energies are constants of motion, the absolut values of the K^+/K^− three momenta in the vacuum far away from the nucleus are given by

|⃗p_±| = √( √ p^∗_±^2 + m^2_K ± V (⃗r_{cr})

)_2

− m^2_K , (24)

whereas p^∗_± are the K^+/K^− three momenta at their creation point ⃗r_{cr}, V (⃗r_{cr}) is the absoult value of the Coulomb potential and m_K = 0.496 GeV is the kaon mass. The modification of the invariant mass of the K^+K^− pair can be written as

ΔM_{inv} = √ s − √ s^∗ ≈ s − s^∗ 2M_ϕ , (25)

where √ s^∗ denotes the invariant mass of the pair at its creation point and √ s the asymptotic value of the K^+K^− invariant mass in the vacuum. Considering a ϕ meson decaying at rest in the center of a^{40}Ca nucleus, whose Coulomb potential has a maximum depth of V_0 ≈ 11 MeV, we find

ΔM_{inv} ≈ −

(⃗p_+ + ⃗p_−)^2 2M_ϕ ≈ p^2_0 M_ϕ (√ 1 − 4

(p^2_0 + m^2)V^2_0 p^4_0 − 1 ) , (26)

where p_0 = 119 MeV is the kaon three momentum after the ϕ decay, yielding a downward shift of the invariant mass of the K^+K^− pair of about 5 MeV. Since this effect is of the same magnitude as the broadening caused by the ϕ collision width, the Coulomb potential has in principle to be taken into account in our considerations.

Therefore we also have performed full calculations which take account of the Coulomb potential, which is implemented in our model as reported in [44]. In order to limit the computational effort we run our transport code merely for about two times the life–time of the ϕ. Finally we determine the asymptotic momenta of the kaons using analytical solutions for Coulomb trajectories.

In figure 11 we show the results of such a calculation in which – for further simplification – we included only the exclusive elementary ϕ production process, involving no medium modifications of the ϕ. We find an apparent decrease of the cross section when the Coulomb potential is included. This is due to the fact that the total energy of a K^− can be smaller than the free kaon mass and therefore the expression under the square root of equation (24) becomes negative. Hence, such a K^− cannot escape from the nucleus, finally leading to a reduction of the total number of K^+K^−–pairs in the data sample.

In figure 12 we compare the K^+K^− mass spectra obtained with and without the ϕ collision width following equation (17), in both cases including the Coulomb potential. Despite the clearly visible effects of the collision width when the Coulomb potential was neglected, we find almost no effect due to the ϕ in–medium width when the potential is included. This can be explained by the fact, that exactly these events which yield the broadening of the spectrum, i. e. kaon pairs stemming from ϕ decays at finite densities, are reduced by the capture of the negative charged anti–kaons as explained above. Thus, the moderate sensitivity of the mass spectrum to the in–medium width of the ϕ, which we found in section IV A, completely vanishes due to the influence of the Coulomb potential.

We, therefore, come to the conclusion, that it is not possible to observe effects of ϕ medium modifications through the K^+K^− invariant mass distribution.

2. Hadronic potentials

In the nuclear environment the kaons are supposed to feel strongly attractive scalar potentials due to the KN –sigma term [45]. In addition there exists also a vector–type interaction which acts repulsively for the kaons and further attractively for the anti–kaons. Hence, one is led to the conlusion that anti–kaons should feel a strong attraction whereas the kaons might feel a slight repulsion, resulting in a moderate increase of the K mass and a substantial downward shift of the K̄ mass with increasing baryon density [46, 47, 48, 49, 50, 51].

We explore the implications of the K^+/K^− mass shifts on ϕ photoproduction from nuclei by introducing the following scalar potentials just in the same way as previously for the ϕ meson:

U_K+ (⃗r) = +0.08 · m^0_K+ ρ(⃗r) ρ_0

(27) U_K− (⃗r) = −0.22 · m^0_K− ρ(⃗r) ρ_0

, (28) where m^0_{K+} and m^0_{K−} are the vacuum masses of K^+ and K^−, respectivily, ρ(⃗r) is the nuclear density and ρ_0 = 0.168 fm^{−3}. For the strength of the potentials we use values obtained by a relativistic mean–field approach in [46]. The effective masses then are given by

m^∗_K = m^0_K + U_K (⃗r). (29)

Similar to the effects of the Coulomb potential also the scalar kaon potentials modify the K^+K^− invariant mass distribution in γA–reactions. Considering, for instance, the momentum of a K^− which is produced inside the nucleus, this momentum has to decrease as this K^− propagates into the vacuum, since the K^− mass increases according to equation (28). The absolut values of the K^+/K^− three momenta in vacuum are given by |⃗p_±| = √ ⃗p^{∗ 2}_± + m^{∗ 2}_{K+ /K−} − m^2_K , (30)

where ⃗p^∗_± and m^∗_{K+ /K−} are the momenta and effective masses of K^+ and K^− in–medium and m_K is the kaon vacuum mass.

In figure 13 we show our results including the above introduced kaon potentials in comparison to a calculation without kaon potentials, in both cases including the ϕ collision width. The most obvious difference is a considerable decrease of the cross sections when the potentials are included. This decrease is due to the same effect as in the electromagnetic case: The total energy of a K^− which is produced with low momentum inside the nucleus might be smaller than the K^− vacuum mass. Therefore such a K^− cannot escape from the nucleus and finally will be absorbed in channels like K^−N → πΛ.

The second important observation is the shift of spectral strength to higher invariant masses. This behaviour one can understand as follows: The invariant mass squared of a K^+K^−–pair can be expressed in the following way:

s = (E_+ + E_−)^2 − |⃗p_+|^2 − |⃗p_−|^2 − 2|⃗p_+||⃗p_−| cos θ, (31)

where E_+, ⃗p_+ and E_−, ⃗p_− are the energies and momenta of the K^+ and the K^−, respectively, and θ is the angle between their three momenta. At this point we consider for simplicity only a mass modification of the K^−, whereas the K^+ properties remain unchanged. Since the absolut value of the K^− three momentum decreases as it propagates from the interior of a nucleus to the vacuum, we can write |⃗p_−| = |⃗p^∗_− | − Δp with Δp ≥ 0, given by equations (28) to (30). Assuming for simplicity that the directions of the kaon three momenta remain unchanged, the modification of the invariant mass squared of the pair then can be written as s − s^∗ = Δp ( |⃗p_−| + |⃗p^∗_− | + 2(p^2_ϕ − p^2_{cm})/|⃗p^∗_− | ) , (32)

where s^∗ is the invariant energy squared of the pair at its creation point inside the nucleus and s is the invariant energy squared after the propagation to the vacuum. p_ϕ denotes the absolute value of the ϕ three momentum in the nuclear rest frame and p_{cm} is the absolute value of the kaon three momentum in the ϕ rest frame.

If the ϕ is at rest inside the nucleus, i. e. p_ϕ = 0, then |⃗p^∗_+ | = |⃗p^∗_− | = p_{cm}. We therefore find s − s^∗ = − (Δp)^2 ≤ 0 and hence the invariant mass after the propagation is lower than the mass of the decaying ϕ meson. Considering an increasing momentum of the decaying ϕ, the expression inside the brackets of equation (32) at some point becomes positive, anyway when |⃗p_ϕ| ≥ p_{cm}. This means that the invariant mass reconstructed from the K^+K^−–pair is larger than the mass of the decayed ϕ meson. This is exactly what one can observe in figure 13. Note also that the momentum cutoff Λ is applied to the three momenta of the K^+K^−–pairs and therefore also ϕ’s with momenta larger than Λ contribute to the spectra due to the decreasing K^− momentum.

Finally, we show in figure 14 the results of a full calculation, taking into account elastic and inelastic photoproduction of ϕ mesons as well as non–resonant background production of K^+K^−–pairs from the nucleon. We further included the kaon potentials given by equations (27) and (28), the ϕ in–medium width following equation (16), also taking care of the modified phase space for the KK̄–decay, and the Coulomb potential. In this respect figure 14 is our prediction for the experimental cross sections, which will be measured at Spring8 in Osaka [16]. For statistical reasons the spectra are folded with a Gaussian with a width of 2 MeV. The measurement of such a broad spectrum with an asymmetry to higher invariant masses as depicted in figure 14 would give further experimental evidence for the modifications of the masses of kaons and anti–kaons at finite baryon density. On the other hand, these spectra can give no information about the ϕ properties in the nuclear medium.

The effect of the kaon potentials on the propagation of kaons and anti–kaons was not taken into account in [17]. On the other hand, the ϕ width used in the model of [17] respects also a renormalization of the kaon properties in the nuclear medium. Since the authors of [17] neglected also the influence of the Coulomb potential on the invariant mass spectrum, which they estimated to yield a shift of the invariant mass of less than 1 MeV, they found an observable broadening of the K^+K^− mass distribution due to the ϕ in–medium width.

V. SUMMARY

We have studied the consequences of medium–modifications of the ϕ meson as well as of kaons and anti–kaons on the K^+K^− invariant mass distribution in a photonuclear reaction. To this purpose we have exploited the semi–classical BUU transport model, which allows for a realistic treatment of the FSI. We have included in our calculation the elastic elementary reaction, i. e. γN → ϕN , as well as inelastic ϕ photoproduction channels, i. e. γN → ϕX, X ≠ N . We have shown that the inelastic channels give the dominant contribution in the interesting region of low ϕ momenta.

In the FSI we have included all essential ϕN reactions, for which the total cross section was constrained by the VMD relation to high energy ϕ photoproduction. Due to inelastic scattering processes ϕN → ϕX we have found an appreciable enhancement of the yield of low–momentum ϕ mesons compared to calculations disregarding the FSI.

Applying severe momentum cuts to the ϕ three momentum we have found a fair contribution of in–medium decays of the ϕ to the K^+K^− invariant mass distribution. In a calculation including the collision width of the ϕ meson we have shown that a decreasing momentum cut leads to an enhancement of collision broadened ϕ’s in the data sample and hence to an increasing width of the obtained spectra. Applying a cut of 100 MeV we found a total width of the K^+K^− mass distribution of 8.2 MeV which is nearly twice the free ϕ width. Taking into account also the Coulomb potential we found that the sensitivity of the mass spectrum to the ϕ in–medium width completely vanishes. Due to the strong absorption of the final state particles we also found no measurable effect caused by a shift of the ϕ meson pole mass.

In contrast to the vanishing sensitivity of the K^+K^− mass spectrum to the in–medium properties of the ϕ we have found a rather strong impact of potentials of kaons and anti–kaons on the mass differential cross sections. Due to the propagation of the kaons from their in–medium mass back to their vacuum mass we have obtained an broadened spectrum with an obvious shift of spectral strength to higher invariant masses. This effect definitely should be visible in experiment.

In summary, we state that the ϕ in–medium properties – even applying severe momentum cuts – are not visible through the K^+K^− invariant mass distribution. Nevertheless the considered reaction can give further evidence for the modifiction of the masses of kaons and anti–kaons at finite baryon density.

[1] M. Asakawa and C. M. Ko, Phys. Rev. C 48, 526 (1993). [2] R. Rapp, G. Chanfray and J. Wambach, Nucl. Phys. A 617, 472 (1997) [3] W. Peters, M. Post, H. Lenske, S. Leupold and U. Mosel, Nucl. Phys. A 632, 109 (1998); M. Post, S. Leupold and U. Mosel, Nucl. Phys. A 689, 753 (2001) [4] G. E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720 (1991). [5] T. Hatsuda and S. H. Lee, Phys. Rev. C 46, 34 (1992). [6] S. Zschocke, O. P. Pavlenko and B. Kämpfer, [nucl–th/0205057] [7] S. Leupold, Nucl. Phys. A 684, 437 (2001).

[8] C. M. Ko, V. Koch and G. Q. Li, Ann. Rev. Nucl. Part. Sci. 47, 505 (1997). [9] F. Klingl, T. Waas and W. Weise, Phys. Lett. B 431, 254 (1998). [10] F. Klingl, N. Kaiser and W. Weise, Nucl. Phys. A 624, 527 (1997). [11] E. Oset and A. Ramos, Nucl. Phys. A 679, 616 (2001).

[12] A. I. Titov, Y. Oh, S. N. Yang and T. Morii, Phys. Rev. C 58, 2429 (1998). [13] A. Shor, Phys. Rev. Lett. 54, 1122 (1985).

[14] W. S. Chung, G. Q. Li and C. M. Ko, Nucl. Phys. A 625, 347 (1997). [15] Y. Akiba et al. [E-802 Collaboration], Phys. Rev. Lett. 76, 2021 (1996). [16] T. Nakano et al., Nucl. Phys. A 684, 71 (2001).

[17] E. Oset, M. J. Vacas and H. Toki, A. Ramos, Phys. Lett. B 508, 237 (2001). [18] S. Teis, W. Cassing, M. Effenberger, A. Hombach and U. Mosel, Z. Phys. A 356, 421 (1997). [19] M. Effenberger, E. L. Bratkovskaya, W. Cassing and U. Mosel, Phys. Rev. C 60, 027601 (1999). [20] M. Effenberger, A. Hombach, S. Teis and U. Mosel, Nucl. Phys. A 614, 501 (1997). [21] M. Effenberger and U. Mosel, Phys. Rev. C 62, 014605 (2000). [22] J. Lehr, M. Effenberger and U. Mosel, Nucl. Phys. A 671, 503 (2000). [23] M. Effenberger, E. Bratkovskaya and U. Mosel, Phys. Rev. C 60, 044616 (1999).

[24] N. Bianchi, E. De Sanctis, M. Mirazita and V. Muccifora, Phys. Rev. C 60, 064617 (1999); T. Falter, S. Leupold, U. Mosel, Phys. Rev. C 62, 031602 (2000); 64, 024608 (2001); in Proceedings of the 9th International Conference on the Structure of Baryons, Newport News, 2002 (to be published), [nucl–th/0204021].

[25] T. Falter and U. Mosel, Phys. Rev. C 66, 024608 (2002) [26] A. Donnachie and P. V. Landshoff, Phys. Lett. B 478, 146 (2000). [27] J. M. Laget, Phys. Lett. B 489, 313 (2000).

[28] A. I. Titov, T. S. H. Lee, H. Toki, O. Streltsova, Phys. Rev. C 60, 035205 (1999).

[29] N. I. Kochelev and V. Vento, [hep–ph/0104070] [30] B. Anderson and G. Gustafson, H. Pi, Z. Phys. C 57, 485 (1993). [31] J. Geiss, W. Cassing and C. Greiner, Nucl. Phys. A 644, 107 (1998). [32] H. J. Behrend et al., Nucl. Phys. B 144, 22 (1978).

[33] H. Haberzettl, C. Bennhold, T. Mart and T. Feuster, Phys. Rev. C 58, 40 (1998). [34] H. J. Besch, Nucl. Phys. B 70, 257 (1974). [35] E. Anciant et al., Phys. Rev. Lett. 85, 4682 (2000). [36] M. Effenberger and U. Mosel, Phys. Rev. C 60, 051901 (1999). [37] J. J. Aubert et al. [European Muon Collaboration], Nucl. Phys. B 213, 1 (1983). [38] C. M. Ko and B. H. Sa, Phys. Lett. B 258, 6 (1991). [39] A. Sibirtsev, W. Cassing and U. Mosel, Z. Phys. A. 358, 357 (1997).

[40] T. H. Bauer, R. D. Spital, D. R. Yennie and F. M. Pipkin, Rev. Mod. Phys. 50, 261 (1978); Erratum 51, 407 (1979). [41] D. M. Manley and E. M. Saleski, Phys. Rev. D 45, 4002 (1992). [42] S. Leupold, Nucl. Phys. A 672, 475 (2000).

[43] W. Cassing and S. Juchem, Nucl. Phys. A 665, 377 (2000).

[44] S. Teis, W. Cassing, M. Effenberger, A. Hombach, U. Mosel and G. Wolf, Z. Phys. A 359, 297 (1997). [45] D. Kaplan and A. Nelson, Phys. Lett. B 175, 57 (1986). [46] J. Schaffner, J. Bondorf and I. N. Mishustin, Nucl. Phys. A 625, 325 (1997). [47] T. Waas and W. Weise, Nucl. Phys. A 625, 287 (1997). [48] M. Lutz, Phys. Lett. B 426, 12 (1998).

[49] A. Ramos and E. Oset, Nucl. Phys. A 671, 481 (2000). [50] L. Tolos, A. Ramos and A. Polls, Phys. Rev. C 65, 054907 (2002). [51] J. Schaffner–Bielich, V. Koch and M. Effenberger, Nucl. Phys. A 669, 153 (2000).

FIG. 1: Differential cross section for inclusive ϕ photoproduction γp → ϕX, whereas 1.2 GeV≤ MX < 2.1 GeV. The experimental data is taken from [32].

FIG. 2: Differential cross section for exclusive ϕ–photoproduction from the proton. For details see section II and [28]. The experimental data stem from [34](2 GeV) and [35](3.6 GeV).

FIG. 3: Momentum differential cross section for photoproduction of K^+K^−–pairs from the proton at 2.4 GeV photon energy. The different curves correspond to the exclusive ϕ production process γp → ϕp → K^+K^−p, to the inclusive ϕ production process γp → ϕX → K^+K^−X and to the total inclusive K^+K^− photoproduction reaction.

FIG. 4: Low energy ϕ–nucleon cross sections. For energies below √ s = 2.2 GeV the plotted cross sections are calculated as described in section III B 1. Apart from the elastic scattering process the cross sections above √ s = 2.2 GeV are calculated with the FRITIOF [30] model, where we put in a total ϕN cross section of 12 mb.

FIG. 5: High energy cross section for ϕ–nucleon collisions calculated with FRITIOF. We plotted seperately the cross sections for elastic and inelastic ϕN scattering as well as the cross section for ϕ absorption on the nucleon.

FIG. 6: Momentum differential cross section for K^+K^− photoproduction from^{40} Ca. We show seperately the contribution from the elastic and inclusive ϕ production processes. In both cases a calculation including FSI and a calculation without FSI is plotted. Furthermore we show the total inclusive K^+K^− photoproduction cross section including non–resonant background production of K^+K^−–pairs.

FIG. 7: Momentum differential cross section for ϕ photoproduction from^{40}Ca, taking into account only the exclusive elementary reaction at a photon energy of 2.4 GeV. For the dashed(dotted) line the ϕ–nucleon cross sections are multiplied by a factor of 2(0.5).

FIG. 8: Invariant mass distribution of K^+K^−–pairs without any medium modifications of the ϕ. The light grey shaded curves correspond to events where the K^+K^−–pair was produced at densities ρ > 0.1ρ0, whereas the dark grey shaded curves correspond to creation densities of ρ > 0.5ρ0. Λ denotes the momentum cutoff parameter.

FIG. 9: K^+K^− mass distribution including a collision width of the ϕ meson corresponding to equation 17. We show a Lorentz–fit to our calculated spectra besides a Lorentzian with the free ϕ width of 4.4 MeV.

FIG. 10: Comparison of K^+K^− mass distributions with and without a ϕ meson mass shift of 30 MeV at saturation density. The thin solid line corresponds to the same spectrum as the thick solid line merely multiplied by a constant factor in order to compare the shape of the spectrum with the spectrum calculated without the ϕ mass shift.

FIG. 11: K^+K^− mass spectrum of a calculation taking into account only exclusive ϕ production from the nucleon with a momentum cut of 150 MeV. For the solid line we included the Coulomb potential, see section IV B 1.

FIG. 12: Comparison of Coulomb corrected K^+K^− mass spectra of a calculation taking into account only the exclusive ϕ photoprodcution process with a momentum cut of Λ = 150 MeV. The dotted line is calculated without collision width whereas the dashed line corresponds to a calculation with collision width.

FIG. 13: Comparison of mass differential cross sections including the collision width of the ϕ meson calculated with and without K^+ and K^− potentials. The thin solid line is equal to the thick solid line times a constant factor.

FIG. 14: Mass differential cross section for inclusive photoproduction of K^+K^−–pairs from^{40} Ca at a photon energy of 2.4 GeV. The calculation includes elastic and inelastic ϕ photoproduction as well as non–resonant background production of K^+K^−– pairs from the nucleon. We took into account the mass modifications of kaons and anti–kaons, following equations (27) and (28), as well as the Coulomb potential. The dashed and dotted curves are multiplied by constant factors (see labels).