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Abstract. Photoproduction of Φ-vector-mesons has been studied from reaction threshold up to W =
2.4GeV with the SAPHIR spectrometer at the Bonn electron stretcher ring ELSA. Total cross-sections,
differential cross-sections and decay angular distributions were measured. We find evidence for strong
non-diffractive contributions to Φ photoproduction.

PACS. 14.40.Cs Other mesons with S = C = 0, mass < 2.5 GeV

1 Introduction

Diffractive processes play an important role in hadronic
collisions at high energies. In view of the hadronic struc-
ture of the photon, the photoproduction of vector mesons
as described in the vector-meson dominance model is re-
garded as a key process to investigate diffractive scatter-
ing. The best investigated such reaction is the photopro-
duction of �-mesons. For this process, F.J. Gilman et al. [1]
already pointed to open questions concerning the inter-
pretation of experimental results. The main problem is
that the experiments indicate t-channel helicity violation,
whereas s-channel helicity is conserved (see, e.g., [2]). This
implies a helicity flip in a t-channel picture. Thus one
cannot assume a 0+-particle exchange only, as expected
in a naive picture for pure diffraction. Within the Regge
model this implies that diffraction cannot be described by
pomeron exchange alone.

One interesting question is how the experimentally de-
termined cross-sections and angular distributions which
are closely bound up with s- or t-channel helicity conser-
vation continue or change towards lower energies. For pho-
toproduction energies below 3 GeV a second equally inter-
esting question arises: do hitherto unobserved resonances
exist that couple weakly to the πN-channel but show up
in vector-meson production? A couple of such resonances
were predicted in quark-potential models [3–6].
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Fig. 1. Sketch of the SAPHIR detector.

V. Barger and B. Cline [7] pointed out that the photo-
production of Φ-mesons, due to its flavour contents, might
be the ideal candidate to study “pure” diffraction and to
determine the Pomeranchuk exchange amplitude. In their
paper they present different predictions for the slope of the
pomeron that could be determined by low-energy experi-
ments. Within the discussion of our results, we will exam-
ine whether their conjectures are valid for energies below
3 GeV or whether other t-channel exchanges or s-channel
resonances might contribute.
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Fig. 2. Crosstalk histogram on the separation of pK+K− and pπ+π− final states.

2 Experimental method

The SAPHIR detector [8], shown schematically in fig. 1, is
a multi-purpose magnetic spectrometer with a large angu-
lar acceptance consisting of a tagging facility, drift cham-
bers and scintillator walls for triggering and time-of-flight
measurements. The ELSA electron beam produces pho-
tons via bremsstrahlung in a copper foil target. The en-
ergies of the corresponding scattered electrons are deter-
mined in the tagging system for photon energies from 31%
to 94% of the incident electron energy (up to 2.8 GeV).
In coincidence with a photon counter behind the electro-
magnetic calorimeter (not visible in the figure) the tag-
ging system also measures the effective photon flux pass-
ing through the liquid hydrogen target. It consists of a
capton cylinder (8 cm long and 3 cm in diameter) and
is surrounded by 14 cylindrical layers (partially stereo
layers) of the central drift chamber, where all outgoing
charged particles are detected. Their tracks are bent in the
field of a C-shaped magnet which allows a measurement
of momentum and charge. In forward direction a planar
drift chamber ameliorates the momentum resolution. The
surrounding scintillator wall determines the time of flight
(TOF) of a particle and provides therefore, together with
the measured momentum, information on its mass.

3 Data reduction and determination of the
cross-sections

The available raw data (133 million events) stem from
3 data taking periods in 1997 and 1998 with an ELSA
electron energy of 2.8 and 2.6 GeV, respectively. Hence
photon energies vary from below reaction threshold up
to 2.65 GeV. The trigger required two hits in the TOF
wall together with a tagged photon in the tagging system.
All triggered events are passed through a reconstruction
software which delivers energy and momenta of the out-
going particles. The Φ-meson is detected by its decay into
2 charged kaons, therefore we look for pK+K− final states
in our data. Starting from three prong events, we test vari-
ous reaction hypotheses by kinematical fits, mainly: γp→
pπ+π−, γp→ pK+K−, γp→ pπ+π−π0, γp→ nπ+π+π−,
γp → pK+π−, γp → pK+π−π0 and γp → pe+e−. For the
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Fig. 3. Φ separation from the background in the K+K− mass
spectrum.
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Fig. 4. Contributions of phase space, Λ(1520) and Φ produc-
tion to the K+K− mass spectrum for photon energies between
2.1 and 2.4 GeV.

analysis, those with the maximum value of the χ2 prob-
ability for the kinematical fit of the pK+K− final state
were selected. Figure 2 exemplarily shows the small con-
tribution of crosstalk and misidentified events from γp →
pπ+π−.

Figure 3 shows the Φ signal in the K+K− mass spec-
trum above a continuous background. The only reaction
which can be assigned clearly to the background is the pro-
duction of the Λ(1520)-hyperon (decaying into pK−). A fit
of simulated Φ, Λ(1520) and phase space production data
to the measured K+K− and pK− mass spectra simultane-
ously (fig. 4) shows that the observed K+K− mass distri-
bution is not satisfactorily described by the sum of these
three contributions. Nevertheless, the fits indicate that the
background is made up by Λ(1520) production to 50% at
the Φ threshold, diminishing to about 20% at 2.5 GeV.

To separate the Φ signal from the background we
therefore chose a phenomenological ansatz of the type
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bg(m) = c·(m−a1)b1 ·(m−a2)b2 (where m is the invariant
mass, c is a scale factor). The Φ signal function was fitted
by a convolution of a Breit-Wigner shape with the natu-
ral decay width [9] and a Gaussian, reflecting the experi-
mental resolution (Voigt function). The result is shown in
fig. 3.

The acceptance of the detector was determined by
Monte Carlo simulation. The generated particles were
tracked through the SAPHIR detector by an adapted ver-
sion of CERN’s GEANT [10]. For a realistic simulation
the detailed geometry of the detector and the measured
efficiencies of drift chambers and scintillator hodoscopes
were used.

In a first stage we generated Φ production events with
an exponential slope b = 4 GeV−2 with respect to the
squared transfered four-momentum t = (pp − pp′)2 =
(pγ −pΦ)2 and a flat distribution in the Gottfried-Jackson
system (see sect. 4). For each photon energy bin the accep-
tance was calculated for 5 or 6 bins in t between the respec-
tive kinematical limits tmin and tmax. Based on these ac-
ceptance values, differential cross-sections and angular dis-
tributions were determined from experimental data. These
results were used for a more realistic event generation in
a second stage.

For very small generated |t − tmin|, the proton gets a
momentum too small to be detected and the acceptance
approaches zero. Therefore, we evaluated the differential
cross-sections starting from |t − tmin| ≥ 0.01 GeV2. The
cross-sections in the uncovered |t− tmin| range were deter-
mined by exponential extrapolation.

The systematic error caused by background separation
is estimated to be approximately 10% for σtot and the
slopes. The uncertainty resulting from the arbitrary choice
of the t bins entering the exponential fit was checked by
explicit variation and amounts to about 5% for σtot and
15% for the slopes. The systematic errors coming from
flux normalization and target thickness are estimated to
be less than 2% and 3%, respectively.

4 Results and interpretation

The differential cross-sections dσ/dt were evaluated in
four energy ranges. They are shown in fig. 5 together with
an exponential fit of the form dσ/dt = a·exp(−b|t−tmin|).
Within the errors of our measurement this exponen-
tial gives a fair description of the data indicating that
t-channel exchange is dominant for t values corresponding
to Φ production angles smaller than 90◦. At larger angles
the data hint at a possible deviation from this behaviour in
accordance with the results from E. Anciant et al. [11] at
3.5 GeV photon energy. The total cross-section (fig. 6) was
determined by integrating the exponential function from
the t value of the fourth bin down to |t − tmin| = 0 GeV2

to extrapolate the behaviour of the cross-sections towards
very small |t − tmin|. The remaining bin(s) were added to
account for possible deviations from the exponential be-
haviour at large |t − tmin|.

Except for the threshold region, the resulting cross-
section is relatively independent of the photon energy up
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Fig. 5. Differential cross-sections dσ/dt.
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Fig. 6. Total cross section of the reaction γp → pΦ compared
to results of earlier experiments [12,13].
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Fig. 7. Slope parameters b as a function of the photon energy
Eγ , compared to results of earlier experiments [12–15].

to 2.6 GeV. The resulting slopes from the exponential fits
are shown in fig. 7. In the photon energy range between
1.55 and 2.6 GeV, the slope parameter is relatively con-
stant with a mean value of 2.5 GeV−2. The data indicate
a slight decrease with energy but this lies inside the sta-
tistical and systematic errors.

Decay angular distributions examine production mech-
anism hypotheses for vector mesons. Various reference sys-
tems are in common use. In the Gottfried-Jackson system
(fig. 8), the quantization axis (z) is defined as the direc-
tion of the photon in the Φ rest frame. The direction of the
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Fig. 10. Decay angular distributions in the Gottfried-Jackson
frame.
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Fig. 11. Decay angular distributions in the helicity frame.

decay K+ defines the polar angle θ, and the azimuthal an-
gle ϕ with respect to the production plane. The Gottfried-
Jackson system is used to test the “t-channel helicity” con-
servation which implies that the spin of Φ is aligned along
the direction of the photon. “s-channel helicity” conserva-
tion is examined in the helicity system (fig. 9), here the
quantization axis (z) points into the direction of Φ in the
total CMS or opposite to the direction of the outgoing
proton in the Φ CMS, respectively.

In both systems a sin2θ distribution for the decay K+

is observed if the spin of Φ is aligned along the z-axis.
The full decay angular distribution for Φ production with
unpolarized photons can be expressed in terms of spin
density matrix elements (see, e.g., [16]):

W (θ, ϕ) =
3
4π

(
1
2
(1− �0

00) +
1
2
(3�0

00 − 1) cos2 θ

−�0
1−1 sin

2 θ cos 2ϕ −
√
2Re�0

10 sin 2θ cosϕ
)

.

We present decay angular distributions for | cos θ| in both
systems in figs. 10 and 11. Apparently, the four energy
ranges exhibit similar shapes. We therefore evaluate the
spin density matrix elements (table 1) and the ϕ and cosθ
distribution (figs. 12, 13) from all Φ-mesons over the full
energy range in order to get a safer separation from back-
ground and smaller errors.

The observed Φ decay angular distributions in the he-
licity system differ noticeably from the results at higher
energies, even from the data between 2.4 and 4.8 GeV [14]
(fig. 14). All those experiments show “s-channel helicity”
conservation, i.e. the θH distribution is well described by
sin2θH and the �0

ik are close to zero, respectively, in partic-
ular the �0

00 which contains helicity flip amplitude contri-
butions only. Besides the �0

00, also the �0
1−1 ≈ 0.14 is rel-

atively large, indicating double helicity flip contributions.
The energy independence of the angular distributions
along with the exponential drop of dσ/dt cross-sections
excludes strong s-channel resonance contributions. Thus,
probably t-channel exchanges of η and/or π0 as well as
a small quasi-continuous contribution from s-channel res-
onances in addition to diffractive production have to be
taken into account.

The decay distributions in the Gottfried-Jackson sys-
tem directly test diffractive production. The exchange of
a 0+ object in the t-channel (a pomeron within the Regge
picture) would lead to a pure sin2θGJ distribution; this is
inconsistent with our results. Therefore, the conjecture of
Barger and Cline [7] to determine the slope of the pomeron
from low-energy Φ photoproduction is not valid.

At higher energies, decay angular distributions are
available from the Daresbury experiment [14]. The curves
in fig. 14 were generated by integrating the measured spin
density matrix elements over all t bins. We observe that
also in this energy range non-diffractive contributions ap-
pear. However, diffractive production is much more dom-
inant than in our energy range and in the case of � pro-
duction (see, e.g., [2]).
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Table 1. Spin density matrix elements.

Eγ Frame �0
00 �0

1−1 Re�0
10

1.573–2.57 GeV Gottfried-Jackson 0.223± 0.018 0.0470± 0.0153 0.0531± 0.009
Helicity 0.253± 0.021 0.140± 0.014 −0.0012± 0.01

-2.5
0

2.5

-1
-0.5
0

0.5
1

0.01
0.015

0.02
0.025

0.03

φGJcos θ
GJ

(d
σ/

dΩ
G

J)
/(

µb
/s

r)

0

0.02

0.04

-2.5 0 2.5
φGJ

(d
σ/

dφ
G

J)
/(

µb
/r

ad
)

0

0.05

0.1

0.15

-1 0                    1
cos θGJ

(d
σ/

dc
os

θ G
J)

/µ
b

Fig. 12. Decay angular distributions in the Gottfried-Jackson frame.
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Fig. 13. Decay angular distributions in the helicity frame.
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Fig. 14. Decay angular distributions in both Gottfried-
Jackson and helicity frame evaluated from data in [14].

5 Summary

In summary, total and differential cross-sections and de-
cay angular distributions were measured for the reac-
tion γp → Φp from threshold up to a photon energy of
2.6 GeV. Diffractive contributions (dominant at higher
energies) are accompanied by non-diffractive terms. No
indications for s-channel resonances are seen.
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