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Abstract. We study coherent and incoherentφ-meson photoproduction from nuclei. The available data areanalyzed
in terms of single and coupled channel photoproduction. It is found that the data on coherent photoproduction can be
well reproduced within a single channel optical model and show only little room forω − φ mixing. These data indicate
a normal distortion of theφ-meson in nuclei, which is compatible with the results obtained through the vector meson
dominance model. The data on incoherentφ-meson photoproduction show an anomalousA-dependence resulting in
a very strongφ-meson distortion. These data can be explained by a coupled channel effect through the dominant
contribution from theω → φ or π→φ transition or, more speculative, through the excitation ofa cryptoexoticBφ-
baryon.

PACS. 11.80.Gw Multichannel scattering – 12.40.Vv Vector-mesondominance – 13.60.-r Photon and charged-lepton
interactions with hadrons – 25.20.Lj Photoproduction reactions

1 Introduction

The renormalization of the meson spectral function in nuclear
matter (for some early references, see [1,2,3,4,5,6] and a re-
cent review is [7]) attracted substantial interest in connection
with the measurements of the di-lepton invariant mass spec-
tra from heavy ion collisions [8,9,10]. Recently experimen-
tal results onω andφ meson modification at normal nuclear
densities have been reported in experiments involving photon
and proton beams [11,12,13,14,15,16]. The most remarkable
result obtained in all these experiments is the anomalousA-
dependence of theφ-meson production from nuclear targets.
At the same time theA-dependence of theω-meson produc-
tion both inγA andpA interactions can be well understood.

At the threshold of elementaryφ-meson production, its mo-
mentum in the laboratory system,i.e. with respect to nuclear
matter, is quite high and a substantial fraction of theφ-mesons
decay outside the nucleus. Only that small fraction which de-
cays inside the nucleus would indicate a probable pole shiftof
the spectral function. Therefore one could not expect to observe
a significant in-medium modification of theφ-meson mass by
measuring the di-leptonic orK+K− invariant mass spectra.
However, it is very plausible to study the modification of the
φ-meson width, since at low densities it is related to the imag-
inary part of the forwardφN scattering amplitude [17,18,19].
The latter determines theφ-meson distortion in the nucleus,
which can be studied by measuring theA-dependence of the
φ-meson production.

Such ideas motivated experiments onφ-meson production
from nuclei at the KEK-PS [15], SPRING-8 [20] and at COSY
[21]. Here we analyze recent results on incoherentφ-meson

photoproduction from nuclei collected at SPRING-8 [20],
which indicate a substantial distortion of theφ-meson in fi-
nite nuclei. For consistency, we also analyze data on coher-
ent φ-meson photoproduction collected at Cornell some time
ago [22]. We investigate the role of single and coupled chan-
nel effects inφ-meson photoproduction and provide a possible
explanation of the observed anomaly.

The manuscript is organized as follows. In Sec. 2, we an-
alyze the elementary amplitudesγp → φp andγp → ωp in
terms of the vector meson dominance model and compare to
data taken at Cornell, ELSA and SPRING-8. In Sec. 3, we
study coherent and incoherentφ-meson photoproduction off
nuclear targets in a single channel optical model and show that
such an approach is not capable of describing the new data
from SPRING-8. Coupled channel scattering is considered in
Sec. 4 and it is in particular shown that theA-dependence of
the SPRING-8 data can be understood in a two-step model, in-
cluding ω − φ mixing and coupling to an intermediate pion.
We also add some speculations about the excitation of crypto-
exotuic baryons with hidden strangeness. Sec. 5 contains our
conclusions.

2 Vector Dominance Model

2.1 Data evaluation

Considering quark-anti-quark fluctuations of the photon, the
Vector Dominance Model (VDM) assumes that intermediate
hadronicqq̄ states are entirely dominated by the neutral vec-
tor mesons. In that sense the hadron-like photon [23] is a su-
perposition of all possible vector meson states. TheγN→φN
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Fig. 1. The forwardγp→φp differential cross section as a function of
photon energy. The data are taken from Refs.[32,33,34,35,36,37,38,
39,40,41]. The lines show the calculations using Eq.(7) with αφ=0
and for different values ofσφN .

reaction can be decomposed into the transition of the photon
to a virtual vector mesonV followed by the elastic or inelas-
tic vector meson scattering on the target nucleon. The invariant
reaction amplitude follows as [24,25]

MγN→φN =
∑

V

√
πα

γV
MV N→φN , (1)

where the summation is performed over vector meson states,
α is the fine structure constant,γV is the photon coupling to
the vector mesonV andMV N→φN is the amplitude for the
V N→φN transition.

A direct determination ofγV is possible through vector me-
son decay into a lepton pair [26]

Γ (V →l+l−) =
πα2

3γ2
V

√

m2
V − 4m2

l

[

1 +
2m2

l

m2
V

]

, (2)

wheremV andml are the masses of vector meson and lepton,
respectively. Taking the di-electron decay width from Ref.[27],
the photon coupling to the lightest vector mesons is given as

γρ÷γω÷γφ = 2.48÷8.53÷6.69. (3)

Although the couplingsγV can be determined experimentally,
Eq.(1) does not indicate whether non-diagonal,i.e. ρN→φN
andωN→φN , or diagonalφN→φN processes dominate the
φ-meson photoproduction on the nucleon, since theMV φ am-
plitudes can not be measured. Furthermore, VDM suggests that
the virtual vector meson stemming from the photon becomes
real through the four-momentumt transferred to the nucleon,
which in general requires the introduction of a form-factorin
the interaction vertices [28,29,30].

Fig. 2. Same as in Fig.1 for a low photon energy scale. The solid
circles show the results collected by SAPHIR [40], while thesolid
triangles are the measurements from SPRING-8 [41].

The next step in the VDM analysis is to consider only the
diagonal transition or elasticV N→V N scattering. The imag-
inary part of the amplitudef∗

φN(0) in the center of mass for
forward elasticφN→φN scattering is related to theφN total
cross section,σφN , by an optical theorem as1

ℑf∗

φN→φN (qφ, θ=0) =
qφ

4π
σφN , (4)

whereqφ andθ are theφ-meson momentum and scattering an-
gle in theφN center of mass system, respectively. The ampli-
tudef∗

φN is related to the Lorentz invariant scattering ampli-
tude as

MφN→φN = −8π
√

s f∗

φN→φN(qφ, θ), (5)

with s the invariant collision energy squared. TheγN→φN
differential cross section is given in terms of the Lorentz in-
variant amplitude as

dσγN→φN

dt
=

|MγN→φN |2
64πsq2

γ

, (6)

whereqγ is the photon momentum in the center of mass sys-
tem. By introducing the ratio of the real to the imaginary part
of the forwardφN scattering amplitude asαφ, theγN→φN
differential cross section att=0 can be written as2

dσγN→φN

dt

∣

∣

∣

∣

t=0

=
α

16γ2
φ

q2
φ

q2
γ

(1 + α2
φ)σ2

φN . (7)

1 It is clear that this formalism holds for the photoproduction of any
vector mesonV =ρ, ω, φ, J/Ψ, . . . .

2 Note that theq2

V /q2

γ ratio was not included in most of the VDM
analyses reviewed in Ref.[24]. While this simplification might be ap-
plicable at high energies, that is not the case for most of thedata avail-
able atEγ<10 GeV, as is illustrated by Fig.2.
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Fig. 3. The forwardγp→ωp differential cross section as a function of
photon energy. The data are collected in Ref.[29]. The linesshow the
calculations based on Eq. (7) withαω=0 and for different values of
σωN .

Again, both the ratioαφ and the totalφN cross section are un-
known. Thus VDM analysis of photoproduction data requires
additional assumptions.

It is believed that at high energies the hadronic forward
scattering amplitudes are purely imaginary. The data available
[27] for the pp, p̄p, π−p, π+p, K+p andK−p reactions in-
dicate that the ratios of the real to imaginary parts of the for-
ward scattering amplitudes are≃0.1 at

√
s>20 GeV. Theαφ

ratio was measured [31] through the interference between the
φ→e+e− decay and the Bethe-Heitler production of electron-
positron pairs and it was found thatαφ=−0.48+0.33

−0.45 at pho-
ton energies 6<Eγ<7.4 GeV. This result is too uncertain to be
used in the further analysis. To estimate the maximum value of
σφN , we applyαφ=0. It is clear that any non–vanishing ratio
αφ would result in a reduction of theφN cross section that will
be evaluated from the data in what follows.

Now Fig. 1 shows the available data [32,33,34,35,36,37,
38,39,40,41] on the forwardγp→φp differential cross section
as a function of the photon energy. The lines are the results
using Eq. (7) obtained withαφ=0 and for different values of
the totalφN cross section. Only one experimental point at high
energy [39] needs a largeσφN , although within experimental
uncertainty this measurement is in agreement with the data at
photon energies below 10 GeV, which are also shown in Fig. 2.
Note that a large part of the data shown in Fig. 2 is in reasonable
agreement with calculations done withσφN≃11 mb.

Fig. 2 demonstrates the disagreement between the most re-
cent measurements from SAPHIR [40] and SPRING-8 [41],
which are shown by the solid circles and the solid triangles,
respectively. Note that both sets of data contradict the VDM
predictions. Although this discrepancy requires special investi-

gation we would like to make the following comments relevant
to the present study and VDM analysis of the data.

2.2 Comments

Let us discuss the observed discrepancy between the data and
the VDM description at low energies through inspection of the
forwardγp→ωp differential cross section, shown in Fig. 3 as
a function of the photon energy. The different symbols indi-
cate the data collected in Ref.[42], while the solid lines show
the VMD calculations based on Eq. (7) with the ratioαω =
0 and for different values ofσωN , respectively. The data at
Eγ>10 GeV are in good agreement with the VDM assuming
that 20<σωN<30 mb. The low energyγp→ωp data indicate an
excess with respect to VDM that is well understood in terms of
the non-diagonalρN→ωN transition given by Eq. (1). More
precisely, this can be explained by aπ-meson exchange contri-
bution [24,43]. Indeed, the dominantω-meson decay mode is
π+π−π0, which in general is described in terms ofthe transi-
tion ω→ρπ, followed by theρ→ππ decay. Therefore it is nat-
ural to expect that the non-diagonalρN→ωN transition plays
a substantial role in (low-energy)ω-meson photoproduction.

Most of the results on the forward photoproduction cross
section are determined through an extrapolation of the differ-
entialdσ/dt cross section over a certain range oft, not to the
maximal accesible value, but rather to the pointt = 0, by ap-
plying a fit of the formdσ/dt=A exp(bt). This is the reason
why thet = 0 differential cross sections at low photon ener-
gies, shown in Fig. 3, do not vanish even though they are clearly
dominated byπ-meson exchange. The extrapolation to differ-
ent t might explain the difference between the SAPHIR [40]
and SPRING-8 [41] the results and data available at higher en-
ergies.

Indeed, within the Born approximation theπ-meson ex-
change contribution vanishes [42,43,44,45] att=0. Here the
minimal and maximal value oft is given by

t± = m2
V − s−m2

N

2s

(

s + m2
V − m2

N

∓
[

(s − m2
V − m2

N )2 − 4m2
V m2

N

]1/2

)

, (8)

with mV andmN the masses of the vector meson and nucleon,
respectively. At threshold,

√
s=mV +mN , the four–momentum

transfer squared is

t± = − mN m2
V

mN + mV
, (9)

With increasing energy,
√

s≫mV +mN ,

t− ≃ m2
V − (s − m2

N)m2
V

s
, (10)

andt− approaches zero.
It is not obvious whether the extrapolation should be done

to t=0 or toθ=0, as is explicitly shown by Eq. (4). Note that for
elastic scatteringt−=0. Actually the differentialγp→φp cross
sections measured by SAPHIR [40] and SPRING-8 [41] shown
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in Fig.2 were extrapolated tot=t− and thet=0 correction in
that case isexp (−t−), which accounts for a factor of≃ 1.61
at theφ-meson photoproduction threshold.

Keeping that in mind one might conclude that similar to
the γp→ωp data the forwardγp→φp differential cross sec-
tion indicates some enhancement with respect to the diagonal
VDM. This enhancement might stem from non-diagonal tran-
sitions3. Apparently that problem requires additional investiga-
tion, which is beyond the scope of the current study.

Moreover the discrepancy between the SAPHIR [40] and
SPRING-8 [41] results can be partially explained by the dif-
ferent range oft used for thet=t− extrapolation. SPRING-8
explored the ranget−t−>0.4 GeV2, while the SAPHIR mea-
surements were used to fitdσ/dt over a larger range and at
maximum photon energyt−t− > −2 GeV2. For that reason it
is worthwhile to reanalyze the SAPHIR data by fitting the dif-
ferential cross section with the sum of a soft and a hard com-
ponent.

Finally, keeping in mind the uncertainty of the analysis of
low energy data on the forwardγp→φp differential cross sec-
tion we conclude that VDM yields the upper limit of the total
φp cross section about 11 mb. If the ratio of the real to imagi-
nary forward scattering amplitude,i.e. αφ, is not equal to zero,
thenσφp can be even smaller, as indicated by Eq.(7).

3 Single channel optical model

Consider a nuclear reaction as a succession of collisions ofthe
incident particle with individual nucleons of the target. If the
nucleus is sufficiently large the reaction can be formulatedin
terms of the optical model through replacement of the multi-
ple individual interactions by an effective potential interaction
with nuclear matter. Within the so-calledtρ approximation that
is valid at normal nuclear densities,ρ=0.16 fm−3, the optical
potential is given by the product of the density and forward
two-body scattering amplitude. Similarly, the Glauber theory
expresses the cross section for reactions on nuclear targetin
terms of elementary two body interactions [46,47,48].

Conversely, by measuring the nuclear cross sections it might
be possible to study the elementary interactions [24]. The real-
ization of Drell and Trefil [49] and Margolis [50] that such a
formalism could be used to study the interaction of unstable
particles with the nucleon by producing them in a nucleus with
hadronic or electromagnetic beams, stimulated enormous ex-
perimental activity [24]. This method was first applied [49,50,
51] for the evaluation of theρN interaction from coherent and
incoherentρ-meson photoproduction off nuclei. Coherent pho-
toproduction has the advantage that the produced particle must
have quantum numbers similar to those of the photon.

3.1 Coherent photoproduction

An extensive study of coherentφ-meson photoproduction on
a variety of nuclear targets was done at the Cornell 10 GeV

3 Both SAPHIR and SPRING-8 measurements of angular spectra
in the Gottfried-Jackson frame support this conclusion.

Fig. 4. The slopeα of the Aα dependence of the forwardφ-meson
photoproduction cross section as a function of the totalφN cross
section. The shaded boxes indicate the results at photon energies 6.4
and 8.3 GeV obtained at Cornell [22]. The lines show the calcula-
tions by Eq.(14) with different longitudinal momentaql=0 (solid), 63
(dashed) and 82 MeV/c (dotted), which are fixed to the photon energy
by Eq.(12). The calculations were done for the ratioαφ=0.

electron synchrotron [22]. One might expect [50,51] theA–
dependence of coherent photoproduction at high energies tobe
proportional toA2 if the φ-meson does not interact in nuclei,
i.e. if it is not distorted by final state interactions (FSI). By fit-
ting the forwardφ meson photoproduction cross section [22]
with a function∼ Aα, one obtains the slopeα=1.37±0.08
at the photon energy of 6.4 GeV andα=1.53±0.05 at Eγ =
8.3 GeV. The shaded boxes in Fig. 4 show these results, which
indicate a strong deviation from a dependence onA2.

Note, however, that the forward photoproduction cross sec-
tion contains both coherent and incoherent contributions.In the
absence of the FSI distortion, the incoherent photoproduction
cross section is proportional toA. Therefore one might argue
that theA-dependence results from a mixture of coherent and
incoherentφ-meson photoproduction. In order to verify such
a possibility, an additional experiment with linearly polarized
photons with average energy of 5.7 GeV was performed [52].
The measured polarization asymmetry for the forwardφ-meson
photoproduction from a carbon target was found to be consis-
tent with the assumption of coherent photoproduction4.

In order to evaluate theφN interaction from coherent pho-
toproduction one can apply the method proposed in Refs. [50,
51] and express the amplitude for coherentφ-meson photopro-

4 At the same time the asymmetry from the hydrogen target seems
to be inconsistent with purely elasticφ-meson photoproduction. As
we discussed in Sec. 2 this Cornell observation [52] is in agreement
with the most recent results from SAPHIR [40] and SPRING-8 [41].
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duction from nuclei as [24,49,51,53,54,55]

T coh
γA→φA(t, A) = TγN→φN

∞
∫

0

d2b J0(qt b)

×
∞
∫

−∞

dz ρ(b, z) exp [iqlz] × [1 − iχφ(b, z)]
A−1

, (11)

whereTγN is the elementary photoproduction amplitude on a
nucleon, an integration is performed over the impact parameter
b, thez coordinate is along the beam direction andρ(r=

√
b2+z2)

is the nuclear density function normalized to the number of the
nucleons in the nucleus. Here,t is the four-momentum trans-
ferred to the nucleus and−t = q2

l + q2
t , with ql andqt being

the longitudinal and transverse component, respectively,given
by

ql = k − cos θ
√

k2 − m2
φ, qt = sin θ

√

k2 − m2
φ, (12)

wherek is the photon momentum,mφ is the pole mass of the
φ-meson andθ is the emission angle of the producedφ-meson.
In Eq. (11)J0 is the zero order Bessel function. The last term
of Eq. (11) accounts for the distortion of theφ-meson through
an effective interaction withA−1 nuclear nucleons andχφ is
the corresponding nuclear phase shift. Here we neglect the dis-
tortion of the photon. The phase shiftχφ can be well approxi-
mated within the impulse approximation by [56,57]

χφ(b, z) = −2π fφN(pφ, θ=0)

pφ

∞
∫

z

ρ(b, y) dy, (13)

wherefφN is the complex amplitude for the forwardφN elas-
tic scattering taken now in the rest–frame with respect to the
nucleus,i.e. in the laboratory system. Note thatpφ is φ-meson
momentum in the laboratory frame. The imaginary part offφN

amplitude is related through the optical theorem to the total
cross sectionσφN similar to Eq.(4), replacingqφ by pφ.

By introducing the ratio of the real to imaginary part of
the forwardφN scattering amplitude,αφ, the cross section for
coherentφ-meson photoproduction from nuclei is finally given
as

dσcoh
γA→φA

dt
=

dσγN→φN

dt

∣

∣

∣

∣

∣

∣

∞
∫

0

d2b J0(qtb)

∞
∫

−∞

dz ρ(b, z)

× exp [iqlz] exp





σφN (iαφ−1)

2

∞
∫

z

ρ(b, y) dy





∣

∣

∣

∣

∣

∣

2

. (14)

The general features of the coherent photoproductionare asfol-
lows. Thet-dependence is given by the elementaryγN→φN
photoproduction amplitude as well as by the nuclear form fac-
tor. The differential cross section has a diffractive structure due
to theJ0(qtb) dependence. However, up to now this structure
was not observed experimentally, since it is non–trivial toiso-
late coherent from incoherent photoproduction, which domi-
nates at large|t|. The forward coherentγA→φA photoproduc-

Fig. 5. The forwardγA→φA differential cross section as a function
of the mass number. The symbols show the data collected at Cor-
nell [22] at photon energies 6.4 (circles) and 8.3 GeV (squares). The
lines are the calculations with the totalφN cross section of 10 (solid),
30 (dashed) and 50 mb (dotted) and with the ratioαφ=0. Both experi-
mental results and calculations are divided byA. The calculations are
normalized at theA=12 point.

tion cross section might be used for the extraction of the ele-
mentary forwardγN→φN cross section, which can be com-
pared with those collected in Fig.1. TheA–dependence of co-
herent photoproduction allows one to extractσφN only under
certain constraints onαφ. That extraction is independent of the
VDM assumptions.

Indeed if the distortion of theφ-meson is negligible and
ql=0 the coherent photoproductioncross section is proportional
to A2 as is given by Eq.(14). Furthermore, to analyze the Cor-
nell data and for completeness, we specified the density distri-
bution functionρ(r) used in Eq.(14) as

ρ(r) =
ρ0

1 + exp[(r − R)/d]
, (15)

with parameters

R=1.28A1/3−0.76+0.8A−1/3 fm, d =
√

3/π fm, (16)

for the nuclei withA>16. For light nuclei we adopt [58,59]

ρ(r) = (R
√

π)−3

[

4 +
2(A − 4)r2

3R2

]

exp[−r2/R2], (17)

with R=
√

2.5 fm.
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We note that the results on forward photoproduction are not
sensitive to the variation of the ratioαφ, as can be seen from
Eq.(14) and is known from the analyses ofρ-meson photopro-
duction [24] and hadronic elastic scattering [57].

Finally, the lines in Fig. 4 are the calculations based on
Eq. (14) with momentumql = 82 (dashed) and 63 (dotted)
and 0 MeV/c (solid), related to the photon energy by Eq. (12).
The results are shown as a function of the totalφN cross sec-
tion. The calculations forql=0 MeV/c correspond to the high
energy limit,i.e. k≫mφ, and forσφN=0 actually match theA2

point. To get the slopeα we fit our calculation with the func-
tion cAα with c a constant and using the set of nuclear targets
corresponding to the experimentals. Fig. 4 illustrates that theql

correction already introduces a substantial departure from the
A2-dependence. Although the uncertainties in theσφN extrac-
tion from the data are large, the data are in very good agreement
with the calculations with a totalφN cross section of≃ 10 mb.

Fig. 5 shows the forwardγA→φA differential cross sec-
tion as a function of the target mass numberA. The circles
and squares are the experimental results obtained at Cornell
for photon energies of 6.4 and 8.3 GeV, respectively. The lines
show the calculations for differentσφN and for the ratioαφ=0.
Both data and calculations are divided5 by A. Obviously the
shape of theA-dependence is different for the calculation for
the variousσφN . The experimental results are in perfect agree-
ment with the calculations usingσφN=10 mb.

Finally, one can as well extract the elementaryγN→φN
forward differential cross section using Eq.(14) and compare
the results with the results obtained by direct measurement.
The calculations withσφN=10 mb can be well fitted to the data
with an elementaryγN→φN forward differential cross section
around2.2−2.6 µb/GeV2, which is in good agreement with the
results collected in Fig.1.

3.2 Incoherent photoproduction

Recently incoherentφ-meson photoproduction at photon ener-
gies 1.5≤Eγ≤2.4 GeV was studied by the SPRING-8 Collabo-
ration [20]. The data were published with arbitrary normaliza-
tion and provide theA dependence fitted by the functionAα

with slopeα=0.72±0.07.
The optical model expression for the incoherent photopro-

duction including only the excitation of the single nucleonand
neglecting the Pauli principle, which suppresses the crosssec-
tion at smallt, is given by [24]

dσinc
γA→φA

dt
=

dσγN→φN

dt

∞
∫

0

d2b

∞
∫

−∞

dz ρ(b, z)

exp
[

−σφN

∞
∫

z

ρ(b, y) dy
]

. (18)

Now if σφN = 0, the forward cross section is proportional to
A. The shaded box in Fig. 6 shows the result from SPRING-8,

5 Although in view of Eq.(14) it is more natural to divide the re-
sults on coherent photoproduction byA2, it turns out thatA−1 rep-
resentation is more illustrative in case of the observed moderateA-
dependence of the data and therefore is very frequently used.

Fig. 6. The slopeα of the Aα dependence of the incoherentφ-
meson photoproduction cross section as a function of the total φN
cross section. The shaded boxes indicate the results at photon energies
1.5≤Eγ≤2.4 GeV obtained by SPRING-8 [20]. The lines show the
calculations by Eq.(18).

while the line indicates the calculations based on Eq. (18) for
different values of the totalφN cross section. Again, we fit our
results by the functioncAα and use the set of nuclear targets
from experiment6. It is clear that the experimental results favor
23 ≤ σφN ≤ 63 mb. This is in agreement with the experimen-
tal finding [20] given asσφN = 35+17

−11 mb. The Pauli blocking
corrections make almost no change to theA-dependence and
only suppress the absolute value of the forward photoproduc-
tion cross section [24,60].

Clearly this result differs substantially from the totalφN
cross section extracted from coherentφ-meson photoproduc-
tion. There are no available explanations why the distortion of
the incoherently producedφ-meson is so extremely strong. Fur-
thermore, the calculations [60,61] wich include the in-medium
modification of theφ-mesoncannot account for such strong dis-
tortion.

4 Coupled channel scattering

Sinceφ andω mesons have the same quantum numbers, these
two states should mix with each other - see e.g. [62,63,64].
Therefore theφ-meson might be produced indirectly,i.e. through
the photoproductionof theω-meson followed by theω→φ tran-
sition. Furthermore, there can in principle occur an arbitrary
number ofω↔φ transitions. Moreover, these transitions can

6 The Aα function is not the dependence given by Eq. (18) and
only provides a useful representation of the data. Indeed the slopeα
depends on the set of target numbersA used in the calculations. There-
fore it is necessary to simulate the experimental conditions explicitely.
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Fig. 7. Mechanisms ofω → φ conversion: a) directω−φ mixing am-
plitude and b) theωN→φN interaction, whereN denotes a nucleon.
Type b) contains the direct mechanism a) besides other effects.

occur either due to theω andφ mixing, i.e. similar to oscilla-
tions, or because of theωN→φN interaction. This is illustrated
in Fig. 7. Since bothω andφ mesons are strongly interacting
particles, their final state interaction in any nuclear target would
cause distortions.

The coupled channel scattering apparently depends on the
strength of theω↔φ transition. However, one expects theφ-
meson distortion to be considerable because of the interference
effect. Even a small amount of anω−φ admixture might have a
considerable effect onφ-meson production from complex nu-
clei. First discussed by Ross and Stodolsky [53,62], this effect
has subsequently been largely overlooked in the literature[24].
Here we consider coherent and incoherentφ-meson photopro-
duction from nuclei within the coupled channel approach.

4.1 Coherent photoproduction

The generalization of the single channel amplitude of for the
two coupled channel scattering can be done by introducing the
2×2 matrix instead of the last term of Eq.(11) as


















1−σωN

2

∞
∫

z

ρ(b, y) dy
−Σωφ

2

∞
∫

z

exp[iq̃ly]ρ(b, y)dy

−Σωφ

2

∞
∫

z

exp[−iq̃ly]ρ(b, y)dy 1−σφN

2

∞
∫

z

ρ(b, y) dy



















(19)

where we have used Eqs. (4,13) and we denote byΣ the effec-
tive ω→φ andφ→ω transition cross section, which are equiv-
alent because of time-reversal invariance. Furthermore, we ne-
glect the real parts of the elastic and transition amplitudes,
since even in the single channel analysis they could not be
fixed. Furthermore, the longitudinal momentum̃ql is defined
as

q̃l ≃
m2

φ − m2
ω

2k
. (20)

Neglecting the off-diagonal transition,i.e. settingΣ = 0, the
matrix of Eq. (19) allows one to recover the single channel op-

Fig. 8. The forwardγA→φA differential cross section as a function of
the mass number. The symbols show the data collected at Cornell [22]
at photon energies 6.4 (circles) and 8.3 GeV (squares). The lines are
the coupled channel scattering calculations by Eq.(21) with the total
φN cross section of 11 mb and theωN cross section of 23 mb and
for the transitionΣ=0 (solid), 0.3 (dashed) and 0.5 mb (dotted). Both
experimental results and calculations are divided byA. The normal-
ization of the calculations is fixed by VDM as explained in thetext.

tical model forω andφ-meson photoproduction, while taking
the elementaryTγN amplitude as a two-component vector.

Since in our caseΣ is small, the amplitude for coherentφ-
meson photoproduction from a nucleus can be expressed in a
simple form,

T coh
γA→φA=

∞
∫

0

d2b J0(qtb)

∞
∫

−∞

dz ρ(b, z) exp[iqlz]

×









TγN→ωN

−Σ
∞
∫

z

exp[iq̃ly] ρ(b, y) dy

(σφN−σωN )
∞
∫

z

ρ(b, y) dy

×



exp[−σωN

2

∞
∫

z

ρ(b, y) dy]− exp[−σφN

2

∞
∫

z

ρ(b, y) dy]





+TγN→φN exp[−σφN

2

∞
∫

z

ρ(b, y) dy]



 . (21)

For Σ=0, Eq. (21) reduces to Eq. (11) and the coherent dif-
ferential cross section is given by Eq. (14). Moreover, Eq. (21)
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corresponds to the first order perturbation expansion inΣ, i.e.
the inclusion of only oneω→φ transition. If Σ is large one
should consider an arbitrary number ofω↔φ transitions, which
might be done through the series expansion [65] of the off–
diagonal elements of the matrix given by Eq. (19).

Moreover in high energy limit,i.e. whenql=q̃l = 0, the
integration alongz can be done analytically and the coher-
ent photoproduction amplitude is then given in a well-known
form [51]

T coh
γA→φA=

∞
∫

0

d2b J0(qtb)

[TγN→ωN Σ

σωN−σφN

×







1− exp [−σωN T (b)

2
]

σωN
−

1− exp [−σφN T (b)

2
]

σφN







+
TγN→φN

σφN

(

1− exp [−σφN T (b)

2
]

)]

, (22)

where the real parts of the scattering amplitudes were neglected
and the thickness function is given as

T (b) =

∞
∫

−∞

ρ(b, z) dz. (23)

Following the VDM results shown in Figs.1,3 we use the
elementary elasticω andφ-meson photoproduction amplitude
given by Eq.7, namely as

TγN→V N =

√
α

4γV

qV

qγ
σV N , (24)

with theγφ andγω coupling constants given by Eq.(3) and with
σφN=11 mb andσωN=23 mb. Thus the absolute normaliza-
tion of our calculations is fixed by VDM. Fig.8 shows the co-
herentγA→φA differential cross section as a function of the
mass number calculated for different values ofΣ. The data [22]
might be well reproduced by calculations with0≤Σ≤0.3 mb.
Only the experimental results atEγ=6.4 GeV support the cou-
pled channel effect originating from theω→φ transition.

4.2 Incoherent photoproduction

Let us now consider incoherent photoproduction ofω-mesons
followed byωN→φN scattering. Note that in the coupled chan-
nel description of coherentφ-meson photoproduction theω→φ
transition is not necessaryly due to the scattering on the target
nucleon, but might be also an oscillation due to the mixing. In
that sense incoherent photoproduction is given as a two step
process and differential cross section can be written as [48,67,
68]

dσinc
γA→φA

dt
=

dσγN→ωN

dt

∞
∫

0

Σ̃ d2b

[

1 − exp[−σφN T (b)]

σφN

−exp[−σωN T (b)]− exp[−σφN T (b)]

σφN − σωN

]

, (25)

Fig. 9. The incoherentφ-meson photoproduction cross section as a
function of the mass number. The circles show the data collected at
SPRING-8 [20]. The solid line is the coupled channel scattering cal-
culations by Eq.(25) with the totalφN cross section of 11 mb and the
ωN cross section of 23 mb, while the dashed line is result obtained
with σφN =11 mb andσωN=30 mb. The dotted line is the single chan-
nel results forσφN =11 mb. Both experimental results and calculations
are divided byA. The normalization of the calculations is fixed at the
Al target.

where the functionT (b) is given by Eq.(23) and it is not nec-
essary thatΣ = Σ̃. Considering both direct and two-stepφ-
meson production, one should in principle add the contribution
given by Eq.(18).

Unfortunately the data [20] on incoherentφ-meson photo-
production from nuclei are given with arbitrary normalization
and we cannot investigate how big the possible contribution
from two-step production might be, sincẽΣ is unknown. How-
ever, it is possible to examine theA-dependence due to the two-
step process.

Fig. 9 shows the incoherentφ-meson photoproductioncross
section as a function of the target mass measured at SPRING-
8 [20]. The dotted line shows the calculations performed within
the single channel optical model using Eq.(18) withσφN =
11 mb. The solid line represents the result obtained with the
coupled channel model calculation, Eq.(25), usingσφN = 11 mb
andσωN = 23 mb. Both the data and our results are divided
by A. The calculations are normalized for anAl target. The
single channel calculations are identical to the ones shownin
Refs. [20,60,61] and apparently can not reproduce the data,
as we already discussed in Sec.3.2. The two-step model calcu-
lations are in reasonable agreement with experimental results
- providing anA-dependence∝A0.63. Thus the measuredA-
dependence clearly indicates the dominance of the two-step
process inφ-meson photoproduction. Unfortunately there are
no data available for heavy targets, which clearly are crucial
for the verification of the calculatedA-dependence shown in
Fig. 9.
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Note that another two-step process,i.e. γN→πN followed
by πN→φN transition, would produce almost the same de-
pendence,∝A0.63, as shown by the dashed line in Fig.9. In
the consideredπ-meson momentum range the totalπN cross
section is about≃30 mb and therefore calculations were done
using Eq.(25) withσωN=30 mb. Note that bothπ-meson pho-
toproduction and theπN→φN transition are quite large and
therefore it is possible that incoherentφ-meson photoproduc-
tion is dominated by a two–step reaction mechanism. For in-
stance theoretical studies [69,70,71,72,73] on low energyK+,
ρ, ω andφ-meson production in proton nucleus collisions in-
dicate dominance of the two-step process with intermediateπ-
mesons. This result is strongly supported by measurements of
theA-dependence and two-particle correlations inK+-meson
production frompA reactions [71,74,75,76,77]. Further inves-
tigations on incoherentφ-meson photoproduction require mea-
surement of differential cross section with absolute normaliza-
tion.

It is also clear that incoherent coupled channelφ-meson
photoproduction might also proceed through coherentω me-
son production by the photon, followed by the incoherentω→φ
transition. This mechanism involves, in addition, substantial ql-
dependence at low photon energies similar to that of Eq.(14),
which allows for freedom in description of theA-dependence.

4.3 Estimates for Σ and Σ̃

It is useful to estimate theΣ and Σ̃ in order to understand
how large the effect due to theω→φ transition might be. Our
estimates are based on the amplitudes evaluated in free space,
which are not necessarily the same as in nuclear matter.

Very recently the theω−φ mixing amplitudeΘωφ was in-
vestigated [78] within the leading order chiral perturbation the-
ory and it was found thatΘωφ=(25.34±2.39)×10−3 GeV2. In
our normalizationΣ can be related toΘωφ as [79]

Σ ≃ 1

m2
ω

Θ2
ωφ

(m2
φ − m2

ω)2
= 2.2µb, (26)

where we neglect the width of theω andφ-meson. Actually the
effect due to theω−φ mixing is small and as is indicated by the
calculations shown in Fig.8 might be supported by the Cornel
data [22] on coherentφ-meson photoproduction from nuclei.
However, the data itself do not really require the inclusionof
the mixing amplitude and the problem still remains open.

The contribution to incoherentφ-meson photoproduction
from the two step process with an intermediateπ-meson can
be reasonably estimated since there are data available for the
πN→φN reaction collected in Refs.[80,81] and parameterized
as

Σ̃(πN→φN) =
18

√
s − s0

0.1285 + (s − s0)2
µb, (27)

wheres is the squared invariant mass of theπN system given in
GeV2 and

√
s0=mN+mφ is the reaction threshold. Note that

at pion energies of≃ 2 GeV, which correspond to the forward
φ-meson photoproduction in the SPRING-8 experiment [20]
the πN→φN cross section is about 20µb. Furthermore, at

photon energies of 1.5≤Eγ≤2.4 GeV the total cross section
for theγN→φN reaction is in average≃0.3µb [82] while the
γN→πN reaction accounts for≃5 µb [83,84]. Therefore the
contribution from the two-step mechanism might be well sup-
pressed as compared to the directφ-meson photoproduction.
This can be clearly seen by inspecting Eqs.(18,25) and replac-
ing theωN intermediate state with theπN one.

It is difficult to estimate reliably the contribution to incoher-
entφ-meson photoproduction from a two-step process with an
intermediateω-meson. Figs.2,3 illustrate that incoherent for-
wardω-meson photoproduction dominatesφ-meson photopro-
duction by a factor of order≃ 60. However, at the same time
the γp→φp data collected in Fig.3 show almost no room for
the non-diagonalωN→φN transition. The data at low photon
energies are well described by the VDM accounting only for
elastic diagonalφN→φN scattering. Within the experimental
uncertainties of the forwardγp→φp differential cross sections
and considering the difference between data and our VDM cal-
culations withσφN=11 mb we estimatẽΣ<0.1 mb. In that case
the contribution from the two-step process is compatible with
the direct incoherentφ-meson photoproduction and the cou-
pled channel effect is indeed sizable.

4.4 Speculations

Finally we would like to mention another possibility which is
not related to theφ-meson propagation in nuclear matter and
theΣ̃ transition but with incoherentφ-meson photoproduction
at low energies. Recently [85] we investigated the role of the
cryptoexotic baryon with hidden strangeness,Bφ=uddss̄, in
φ-meson production in proton-proton collisions close to the
reaction threshold. We found that the enhancedφ-meson pro-
duction observed at COSY [21] can be well explained by an
Bφ-baryon excitation followed by theBφ→φN decay. It is
expected that these pentaquark baryons have a narrow width
and decay preferentially into theφN , KK̄N or Y K chan-
nels, whereY stands for ground-state or excited hyperons [86,
87]. Experimental observations for theBφ candidates were re-
ported in Refs. [88,89,90,91,92,93]. The high-statisticsstudy
of Ref. [93] of theΣ0K+ mass spectrum indicates two ex-
otic states withM = 1807±7 MeV, Γ = 62±19 MeV and
M = 1986±6 MeV, Γ = 91±20 MeV.

One might expect thatBφ-baryon can be excited in photon-
nucleon interaction. Because of its mass theγp→φp reaction
would be sensitive toBφ excitation at low photon energy. The
Bφ contribution might explain the SAPHIR-8 and SPRING-
8 measurements [40,41] of angular spectra in the Gottfried-
Jackson frame, which indicate that at low energies theφ-meson
photoproduction is not governed by pomeron exchange.

Considering coherent and incoherentφ-meson photopro-
duction from nuclei we notice even more significant features.
First, the coherent photoproduction at low energies shouldnot
by dominated byBφ-baryon excitation, since in that case the
residual nucleus differs from ground state. Incoherentφ-meson
photoproduction at low energies might be dominated byBφ ex-
citation. Since theBφ-baryon is narrow, it decays outside the
nucleus and an effective distortion of theφ-meson is given by
the distortion ofBφ, which is compatible with and interaction
of other baryons in nuclear matter because of the light quark
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content of theBφ-baryon. Therefore one should not be sur-
prised by the result shown in Fig. 6.

5 Conclusions

We have analyzed coherent and incoherentφ-meson photopro-
duction from nuclei by applying the single and coupled channel
optical model.

The data on coherentφ photoproduction collected at Cor-
nell [22] at photon energies of 6.4 and 8.3 GeV can be well
reproduced by a single channel calculation taking into account
theφ-meson distortion compatible with theφN total cross sec-
tion σφN = 10 mb. This result is in good agreement with the
VDM analysis of the forwardγp→φp differential cross sec-
tion, which indicates thatσφN≃11 mb. Coherentφ-meson pho-
toproduction shows little room for the coupled channel effect
due to the contribution from theω→φ transition.

The data on incoherentφ-meson photoproduction off vari-
ous nuclei collected at SPRING-8 [20] at photon energies from
1.5 to 2.4 GeV can be reproduced by the single channel opti-
cal model calculations only under the assumption that theφ-
meson is substantially distorted in nuclei, which corresponds
to 23≤σφN≤63 mb. This result is in agreement with previ-
ous incoherentφ-meson photoproduction data analyses [20,60,
61]. Moreover, we found that taking into account the coupled
channel effects,i.e. assuming directω-meson photoproduction
followed by theωN→φN transition as well as pion photopro-
duction followed by theπN→φN scattering, it is possible to
reproduce theA-dependence measured at SPRING-8 [20].

Although we estimate the absolute rates for the contribution
of these two different intermediate states, it is difficult to draw
a final conclusion. First, the SPRING-8 data [20] are published
without absolute normalization. Second, thet-dependence of
these data are not given for all nuclei used in the measure-
ments. Such knowledge is essential for the evaluation of in-
coherent photoproduction within the coupled channel analy-
sis, since each of the two-step processes has an individualt-
dependence, which can be used in order to distinguish the in-
termediate states. In that sense more precise data on incoherent
φ-meson photoproduction are necessary for further progress.

We also discussed a very alternative (and probably specu-
lative) scenario that might occur only in incoherentφ-meson
photoproduction but is not accessible in the coherent reaction.
The excitation of the cryptoexotic baryon with hidden strange-
ness, calledBφ, would result in anA-dependence similar to
that measured by SPRING-8 [20]. However, theBφ-baryon
could not be exited in coherent photoproduction.Thereforemea-
surements of theA-dependence of coherentφ-meson photopro-
duction from nuclei at low energies is crucial for identification
of the possible existence of such an cryptoexotic baryon.
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