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Abstract

Differential cross sections and decay asymmetries for coherent φ-meson photoproduction from deuterons were measured for the first time at
forward angles using linearly polarized photons at Eγ = 1.5–2.4 GeV. This reaction offers a unique way to directly access natural-parity pomeron
dynamics and gluon exchange at low energies. The cross sections at zero degrees increase with increasing photon energy. The decay asymmetries
demonstrate a complete dominance of natural-parity exchange processes, showing that isovector unnatural-parity π -meson exchange is small.
Nevertheless the deduced cross sections of φ-mesons from nucleons contributed by isoscalar t-channel exchange processes are not well described
by the conventional pomeron model.
© 2007 Elsevier B.V.
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1. Introduction

The common asymptotic behavior of high-energy diffractive
processes of hadron–hadron and photon–hadron interactions
is traditionally interpreted as the exchange of a pomeron [1].
The slow rise of the total cross section, dominated by the
soft nonperturbative strong interaction, could be described by
a pomeron trajectory with the quantum numbers of the vac-
uum in Regge theory [2]. The physical particles responsible for
pomeron exchange have not been conclusively identified, but
such particles can exist in Quantum Chromodynamics (QCD)
as glueballs, e.g. a JPC = 2++ glueball with a mass near
2 GeV/c2 [3]. The behavior of pomeron exchange at low ener-
gies is not well understood because meson-exchange processes
appear and become comparable near threshold and the applica-
bility of pomeron theory might be doubtful [4]. Nonetheless,
a particularly interesting and unique way of studying the possi-
ble pomeron exchange is φ(1020)-meson photoproduction from
hadrons. In this reaction pseudo-scalar π -meson exchange is, to
first order, suppressed by the Okubo–Zweig–Iizuka (OZI) rule
in the Vector Meson Dominance model (VMD) [5] because of
the dominant ss̄ quark content of φ-mesons. Furthermore, with
the use of an isoscalar deuteron target, the coupling between
isovector pions and deuterons is forbidden due to isospin con-
servation [6,7]. Accordingly, the coherent photoproduction of
φ-mesons from deuterons becomes an excellent source of in-
formation for pomeron dynamics at low energies [8].

In addition, coherent φ-meson photoproduction provides the
opportunity to observe additional exotic processes. Possible
channels include Regge trajectories associated with particles
containing gluonic degree of freedom (e.g., a daughter pomeron
inspired by a scalar-type 0++ glueball [9], and scalar or tensor
mesons [10–12]). The importance of this study is emphasized
by the recent measurement of diffractive φ-meson photopro-
duction from protons near threshold [13]. The differential cross
sections (extrapolated to zero degrees) have a local maximum
around 2.0 GeV. It was conjectured that this structure was not
solely due to the non-negligible pseudo-scalar-meson processes
at low energies but is likely signaling new dynamics beyond the
pomeron.

Besides the cross section information, the decay angular dis-
tribution of φ-mesons with respect to the photon polarization
helps to differentiate the relative contributions from natural-
parity (σN ) and unnatural-parity exchange processes (σU ) [14].
With the availability of linearly polarized photon beams, the
smallness of unnatural-parity π and η-exchange and hence the
dominance of natural-parity processes in the coherent produc-
tion of φ-mesons from deuterons can be verified.

Recently CLAS experiment [15] also measured the coherent
φ-meson production from deuterons at low energies but rather
at backward angles and without the use of polarized photon
beams. A total φ–N cross section at about 10 mb was de-
termined in the framework of vector meson dominance. The
comparison of the differential cross sections in the overlapped
kinematic region between this study and the CLAS experiment
will be made later.

2. Experimental procedure and setup

In this Letter, we present measurements of differential cross
sections and decay asymmetries of coherent φ-meson photo-
production from liquid deuterium near threshold in the very for-
ward direction with linearly polarized photons using the LEPS
spectrometer [16]. Highly polarized photons were produced by
backward Compton scattering with an ultra-violet Ar laser from
8 GeV electrons in the storage ring of SPring-8. The photon en-
ergy (Eγ ) was determined by measuring the recoil electrons
with a tagging spectrometer event by event. A liquid deuterium
target with an effective length of 16 cm was employed. The
integrated flux of the tagged photon beams was 4.47 × 1012

in this analysis. Charged particles produced at the targets were
detected at forward angles with the LEPS spectrometer which
consisted of a dipole magnet, a silicon-strip vertex detector,
three multiwire drift chambers, a plastic scintillator (SC) behind
the target, and a time-of-flight (TOF) hodoscope placed down-
stream of the tracking detectors. The charged particle identi-
fication was made by mass reconstruction using both time of
flight and momentum information. The momentum resolution
for 1 GeV/c particles was 6 MeV/c. The TOF resolution was
150 ps for a typical flight path length of 4 m. The mass resolu-
tion was 30 MeV/c2 for a kaon of 1 GeV/c momentum. More
details about experimental setup are given in Refs. [17,18].

The production of φ-mesons was identified via the charged
kaon decay mode with the detection of K+ and K− in the fi-
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Fig. 1. The distributions of invariant mass (top, left), squared four-momentum
transfer (top, right) and missing mass for a deuteron target as MMd(γ,KK)

for the events of a K+K− pair (bottom). The two dashed lines on the distribu-
tion of invariant mass M(K+K−) show the final cut to select the φ events. The
MMd(γ,KK) spectrum is shown with fit of MC-simulated coherent and inco-
herent components and the χ2 value of the fit. See the details about the lines in
the plot of momentum transfer distribution in text.

nal state. The vertex positions of K+K− pairs were required
to be within the target boundaries. A clear signal of φ-mesons
was seen in the invariant mass of K+K− pairs, M(K+K−), for
Eγ = 1.5–2.4 GeV as shown in Fig. 1. A cut on the invari-
ant mass of |M(K+K−) − Mφ | < 0.01 GeV/c2, was applied to
select the φ-meson events, either through coherent or incoher-
ent production. The background in the selected signal region is
estimated to be about 5–10% by Monte Carlo simulations of co-
herent and incoherent reactions and two background processes:
quasi-free production of the Λ(1520) and non-resonant K+K−.
We define t̃d as t − td

min where t is the squared four-momentum
transfer and td

min, the minimum of t corresponding to the pro-
duction of φ-mesons off a deuteron target at a polar angle (θ ) of
zero degrees. For selected φ events in |t̃d| < 0.4 GeV2/c2, the
yields as a function of squared four-momentum transfer, t − td

min
(acceptance corrected), and distribution of missing mass using
a deuteron as the rest target (MMd(γ,KK)) are also depicted
in Fig. 1. Due to the deuteron form factor and the range of
acceptance, the coherent events were observed mostly in the
region of very small |t̃d| as illustrated by an excess of yields
at |t̃d| < 0.1 GeV2/c2 above an exponential extrapolation from
the outer region of 0.1 < |t̃d| < 0.4 GeV2/c2.

Since only the φ-meson was identified in the final state,
the separation of coherent and incoherent interactions could
not be performed on a event-by-event basis. Instead, the in-
dividual yields were disentangled by fitting the distributions
of missing mass MMd(γ,KK) where the reaction of coher-
ent φ production from deuterons, γ d → φd, has a structure
peaking at the mass of deuterons 1.875 GeV/c2, as shown in
Fig. 1. This distribution is nicely reproduced by the sum of in-
dividual ones generated by Monte Carlo (MC) simulations. The
MC simulations were done using the GEANT3 software pack-
age [19]. Geometrical acceptance, energy and momentum reso-
lutions and the efficiency of detectors were included. A photon
energy resolution of 10 MeV was determined from the width of
the missing mass spectra of the φ events in data from a hydro-
gen target.

The MMd(γ,KK) distribution of incoherent events is af-
fected by the Fermi motion and the offshell effects of the target
nucleons inside deuterium. The treatment of offshell effects was
found to be the dominant source of systematic errors in this
work. Two kinds of approaches were studied for the estimate
of systematic bias. In the first approach [20], the spectator nu-
cleon was assumed to be on-shell and the total energy of the
target nucleon was determined under the condition of Fermi
momenta generated by a parameterization with the PARIS po-
tential [21].

Assuming isospin symmetry in the photoproduction of φ-
mesons from a free nucleon, the event weighting was charac-
terized by the measured differential cross section from protons
d2σ/dEeff

γ dt [13] where Eeff
γ is the effective photon energy

giving the same center-of-mass energy
√

s of an on-shell tar-
get nucleon at rest. The interference between isoscalar η and
isovector π exchange could lead to isospin asymmetry. How-
ever the OZI effect and the smallness of the η–N coupling
strongly suppress this interference effect and thus the isospin
asymmetry of the differential cross sections in the forward di-
rection are expected to be small [10].

The second approach differs from the previous one in that
the degree by which the target nucleon is offshell was randomly
selected between zero and the full scale in each event whereas
the mass of target remained unchanged after the interaction.
The kinematics of the produced φ-meson were determined by
the final two-body phase space distribution. The mean values
and statistic errors of the measurements using these two ap-
proaches were averaged for the final ones, and the difference
of mean values were used for the estimation of the systematic
uncertainty.

3. Results

First we constructed the differential cross sections in the
region 1.57 < Eγ < 2.37 GeV and |t̃d| < 0.4 GeV2/c2. Sets
of missing mass spectra of selected φ events, in the bin sizes
of 0.1 GeV for Eγ and 0.02 GeV2/c2 for t̃d, were fitted
with those of MC simulated coherent and incoherent events
and background processes. The distribution of background
processes overlapped with those of incoherent events. With a
proper normalization of photon beam flux, number of target
atoms, tagger efficiency, transporting efficiency and branching
ratio of charged decay of φ-mesons, the differential cross sec-
tions of the coherent events dσ/dt̃d are displayed in Fig. 2.
The errors (and same below) are shown by error bars where
the smaller range is statistical errors and the whole range is
the square root sum of statistical and systematic uncertain-
ties. The systematic uncertainties come from the disentangle-
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Fig. 2. The differential cross sections of the coherent events dσ/dt̃d (t̃d ≡
t − td

min) in various Eγ bins. The smaller error bars represent the range of
statistical errors. The dashed lines are the result of a fit using an exponential
function multiplied by the deuteron form factor.

ment fit (25–30%), background (3%), luminosity (5%) and
track reconstruction efficiency (5–10%). The fit was done with
an expression inspired by a single-scattering diagram [22]:
dσ/dt̃d = ae−bt̃d[F d( 1

4 t)]2/[F d( 1
4 td

min)]2 where F d(t) is the
deuteron form factor and two fit parameters are a, the γ d → φd
cross section at t = td

min, and b the exponential slope. Since no
strong Eγ dependence is seen for b across our energy range,
a fit with a single slope parameter b was used to determine
the intercept, a, at each Eγ bin. The slope parameter b was
found to be 5.5 ± 0.5(stat) ± 0.5(sys) c2/GeV2, larger than
that measured in the γp → φp reaction 3.38 ± 0.23 c2/GeV2

at the same energy region [13]. It is noted that the system-
atic error of the slope parameter is about 10%, which is less
than the cross section uncertainties. The reason is two-fold: for
one, the main systematic errors in the cross sections dσ/dt̃d

(from the uncertainties in disentangling coherent and incoher-
ent) vary in a more or less coherent way across all t bins;
second, the slope parameter in the fitting function has a non-
linear t -dependence.

The dσ/dt at θ = 0 determined in the coherent φ-meson
events with a deuterium target as a function of photon energy
are displayed in Fig. 3. The energy dependence of dσγ d/dt

shows a steady increase with the photon energy. The solid line
displays the calculation of dσγ d/dt by a model taking account
of pomeron and η-exchange processes [6,7] and clearly the data
is under-predicted.

In Fig. 4 we overlay two complementary measurements of
differential cross sections of coherent φ-photoproduction from
deuterons at low energies: one at the forward direction for
1.57 < Eγ < 2.37 GeV in the current study and the other at the
large |t | region within 1.6 < Eγ < 2.6 GeV by CLAS [15]. The
energy ranges for these two measurements are mostly overlap-
Fig. 3. The fitted dσ/dt at t = td
min as a function of photon energy. The smaller

error bars represent the range of statistical errors. The dashed line is the predic-
tions of dσγ d/dt at zero degree by a model including pomeron and η-exchange
processes [6,7].

Fig. 4. Comparison of differential cross sections of the coherent φ-photo-
production from deuterons from LEPS (this study) and CLAS [15]. Only sta-
tistical errors are displayed. The energy ranges for two measurements are also
shown.

ping but it is slightly wider for CLAS. The agreement is fairly
reasonable at the overlapped |t | region of these two measure-
ments.

The normalized decay angular distributions of W(cosΘ)

and W(Φ − Ψ ) in the Gottfried–Jackson frame for the φ-pro-
duced events were obtained in the region of |t̃d| < 0.1 GeV2/c2

for 1.87 < Eγ < 2.37 GeV. Here, Θ and Φ denote the decay
polar and azimuthal angles, respectively, of the K+ in the φ-
meson rest frame. The y-axis of the φ-meson rest frame is per-
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pendicular to the production plane of the φ-meson in the center-
of-mass frame and the choice of z-axis is along the momentum
of the incident photon. The azimuthal angle between the pho-
ton polarization and production plane is denoted by Ψ . Events
of Eγ < 1.9 GeV were excluded due to insufficient statistics
in the angular bins. The polar angle distribution W(cosΘ) is
consistent with (3/4) sin2 Θ , the same as the results from pro-
tons [13]. This indicates the dominance of helicity-conserving
processes in t -channel exchange for the photoproduction of
φ-mesons from deuterons.

The distribution of W(Φ − Ψ ) is parameterized as 1 +
2Pγ ρ̄1

1−1 cos[2(Φ − Ψ )] [23], where Pγ is the degree of po-
larization of the photon beams. In the case of pure helicity-
conserving amplitudes, the decay asymmetry ρ̄1

1−1 becomes
equivalent to half of either the parity asymmetry Pσ (≡ (σN −
σU)/(σN + σU)) [10] or the decay asymmetry Σφ(≡ (ρ1

1−1 +
ρ1

11)/(ρ
0
1−1 + ρ0

11)) [6] and is 0.5(−0.5) for pure natural
(unnatural)-parity processes. We disentangled the decay asym-
metry of coherent (ρ̄1

1−1
co) and incoherent (ρ̄1

1−1
inco) interac-

tions in the following way. The events were divided into two, by
a missing-mass (MMd(γ,KK)) cut, MMdiv, of 1.89 GeV/c2.
Two sets of decay angular distributions Wa,b(Φ −Ψ ) were con-
structed and are shown at top of Fig. 5. The subscript a (b)
denotes the events whose missing mass are smaller (greater)
than 1.89 GeV/c2. Afterwards the average decay asymme-
try (〈ρ̄1

1−1〉a,b) was obtained by fitting Wa,b(Φ − Ψ ) with
1 + 2Pγ ρ̄1

1−1 cos[2(Φ − Ψ )] azimuthal distributions individ-
ually. A larger angular asymmetry was seen for the events
with smaller missing mass [24]. This is interpreted as the
difference of the mixing percentage (Ra,b) of coherent and
incoherent events distributed in the two separate regions of
MMd(γ,KK) and their individual decay asymmetries. The Ra,b
were determined by fits of simulated missing mass distributions
and hence the individual decay asymmetry was extracted un-
der the assumption of linear weighting from each component,
〈ρ̄1

1−1〉a,b = Ra,bρ̄
1
1−1

co + (1 − Ra,b)ρ̄
1
1−1

inco.
The decay asymmetries ρ̄1

1−1
co as a function of photon en-

ergy at Eγ = 1.87–2.37 GeV are shown at the bottom of Fig. 5.
The results are consistent in four choices of missing mass cut
for division MMdiv: 1.875, 1.88, 1.89 and 1.90 GeV/c2. Re-
sults using the cut of 1.89 GeV/c2 are presented because of
the smallest statistical errors. Calculation of systematic uncer-
tainties include those in Ra,b, from disentanglement procedures
(5–15%), and the missing-mass cut for event division MMdiv
(10–20%). As mentioned above for the slope parameter, the sys-
tematic error of ρ̄1

1−1
co is less affected by the disentanglement

uncertainties than those of cross sections.
A very large decay asymmetry of 0.48 ± 0.07(stat) ±

0.10(sys) was observed, contrasting with a value of 0.2 from
the proton [13]. Within errors, our measurement reaches the
maximum boundary corresponding to a pure natural-parity ex-
change process, showing that coherent φ-meson production
from deuterons is predominantly from natural-parity processes.
This suggests the absence of π -exchange, together with a neg-
ligible contribution of η-exchange in the sector of unnatural-
parity exchanges [6,7].
Fig. 5. The decay angular distributions Wa,b(Φ − Ψ ) of K+K−-pair events
overlaid with the fit in five Eγ bins of equal width and the decay asymmetry
ρ̄1

1−1
co of γ d → φd as a function of photon energy. The subscript a (b) denotes

the events of missing mass smaller (larger) than 1.89 GeV/c2. The Eγ binning
starts from E1 = (1.87,1.97) GeV and ends at E5 = (2.27,2.37) GeV.

4. Discussion

Supported by a strong dominance of natural-parity helicity-
conserving exchange processes, the dσ/dt at θ = 0 for γ d →
φd are expected to reflect pomeron exchange and the other
natural-parity exchange processes at low energies. Under the
conditions of small momentum transfer and negligible unnatu-
ral-parity and helicity-nonconserving processes, the differential
cross section of coherent production from deuterons dσγ d/dt

may be approximated as 4SN(t)dσ γN;T=0/dt where SN(t) is
the natural-parity deuteron form factor and dσγN;T=0/dt is the
cross section of φ-meson photoproduction from nucleons by
isoscalar (T = 0) t -channel exchange processes [22]. Depend-
ing on the choice of the total φ–N cross section between 10
and 30 mb, there is about 2–7% uncertainty resulting from the
omission of Glauber shadowing in the factorization approxima-
tion.

Fig. 6 shows the deduced dσγN;T=0/dt in this study and the
existing data of dσγp/dt from threshold up to Eγ = 6 GeV,
all extrapolated to θ = 0 [13,25], in comparison with the cor-
responding theoretical predictions [6,7,23]. The solid line dis-
plays the calculation of dσγN;T=0/dt by a model taking into
account of pomeron and η exchange processes whereas the
dashed line is for dσγp/dt with the inclusion of isovector π -
meson exchange. It is interesting that both dσγN;T=0/dt and
dσγp/dt at low energies are not consistent with the model
calculation even though the data at higher energies are rather
well described. The points of dσγN;T=0/dt which represent
the contribution by the pomeron trajectory are mostly under-
predicted by the model. At this moment our measurement, with
its limited accuracy, cannot determine the precise energy de-
pendence of any specific mechanism. Nevertheless the data
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Fig. 6. Data of the cross section of φ-meson photoproduction from nucleons by
isoscalar t -channel exchange processes dσγN;T=0/dt , deduced from coherent
production from deuterons in this study and the existing data of dσγp/dt up
to Eγ = 6 GeV [13,25]. All are extrapolated to θ = 0. The solid and dashed

lines represent the predictions of dσγN;T=0/dt and dσγp/dt respectively by
a model including pomeron exchange and π and η processes [6,7,23]. There
is no contribution of isovector π -exchange in dσγN;T=0/dt due to isospin
conservation. The threshold of the γp → φp reaction is labeled and the data
below 2.5 GeV are shifted by −50 MeV for the clarity of display.

does hint at either a different energy dependence for standard
pomeron exchange or the appearance of new dynamics like a
daughter pomeron, in the near-threshold region. For future mea-
surements of coherent production, it will be essential to identify
the deuterons or one of the break-up nucleons in the final state
in order to reduce the systematic errors caused by the disentan-
glement procedure in this work.

Information of the φ–N scattering length, which is crucial
for modern QCD inspired models, could be obtained from the
cross section at zero degrees near the threshold. In Fig. 6, both
dσγN;T=0/dt and dσγp/dt appear to be finite at the thresh-
old of the γp → φp reaction. It is noted that the production
cross section dσ is zero near the threshold (because of the phase
space factor), but it is not the case for dσ/dt , which has a fi-
nite limit at the threshold as pointed out in Ref. [26]. A value of
around 0.15 fm for the φ–N scattering length is found to be con-
sistent with these data close to the threshold [26]. Finally, the
observation of finite differential cross sections at threshold does
not support the use of a kinematical factor q2

φ/q2
γ in the model

description of dσ/dt [27], where qφ and qγ are the φ-meson
and photon momenta in the center-of-mass system. With the
factor q2

φ/q2
γ , the cross section dσ/dt is destined to be zero at

threshold because qφ becomes zero and qγ remains finite.

5. Summary

In summary we present measurements of coherent photo-
production of φ-mesons from deuterons using linearly polar-
ized photons at forward angles in the low energy region of
Eγ = 1.5–2.4 GeV. The cross section at θ = 0 shows a strong
increase with photon energy and a complete dominance of
helicity-conserving natural-parity exchange processes. The ab-
sence of unnatural-parity isovector π -exchange, together with
negligible contribution of η-exchange is inferred. It is found
that γ 〈N〉 → φ〈N〉 cross sections for isoscalar t -channel ex-
change at θ = 0 as a function of beam energy were not con-
sistent with the prediction of the conventional pomeron model.
Either a modified energy dependence for the pomeron trajec-
tory or additional natural-parity processes beyond pomeron ex-
change in the near-threshold region would be compatible with
our measurement. This measurement will serve as an important
constraint on the theoretical modeling of pomeron trajectory
and additional exotic channels in the low-energy regime and
help to understand the strong coupling region of QCD. Solving
the experimental challenge of directly identifying the deuteron
in the final state of forward coherent interactions will be essen-
tial for future measurements to provide enough accuracy to pin
down the energy dependence of any specific mechanism.
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