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Photoproduction of the φ meson off the deuteron near threshold
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We discuss coherent and incoherent φ meson photoproduction off the deuteron at low energy and small
momentum transfer with the aim of checking whether the recent experimental data need for their interpretation
an inclusion of exotic channels. Our analysis of the differential cross section and spin-density matrix elements
shows that new data on the γD → φX reaction at Eγ ∼ 2 GeV may be understood on the basis of conventional
dynamics. However, a certain ambiguity of the deviation between the model predictions and the data from the
laser electron photon beamline at SPring-8 (LEPS) on the γp → φp reaction still remains. To make a firm
conclusion about a possible manifestation of exotic channels, one has to improve the resolution of the data by
providing additional information on the channels with spin- and double-spin-flip transitions which are sensitive
to the properties of the photoproduction amplitude in the γp and γD reactions. This information may be used as
an additional independent test of the φ meson photoproduction mechanism.
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I. INTRODUCTION

The investigation of φ meson photoproduction at low
energies, Eγ � 1.6–3 GeV, plays an important role in un-
derstanding the nonperturbative Pomeron exchange dynamics
and the nature of the φN interaction. It was expected that
in the diffractive region the dominant contribution comes
from the Pomeron exchange, since the processes associated
with conventional meson (quark) exchanges are suppressed
by the Okubo-Zweig-Iizuka (OZI) rule [1–7]. An example
of such a (suppressed) process is the pseudoscalar π and η

meson exchange which, as a rule, was considered as a small
correction to the dominant Pomeron exchange channel. The
Pomeron exchange amplitude is usually described in terms
of the Donnachie-Landshoff model [8], where the Pomeron
couples to single constituent quarks as a C = +1 isoscalar
photon, or a two gluon modification there of [6,9,10]. These
models are designed for the vector meson photoproduction
at high energy and small momentum transfer. The validity of
an extrapolation of these models into the low energy region
and close to the threshold is not clear. Near threshold, the
models predict a monotonic increase of the differential cross
section of the γp → φp reaction at forward photoproduction
angle with energy. However, a recent analysis of the φ

photoproduction at low energy by the LEPS Collaboration
shows a sizable deviation from this prediction; in particular, the
data show a bump structure around Eγ � 2 GeV [11]. Another
peculiarity of the data from the laser electron photon beamline
at SPring-8 (LEPS) is a strong deviation of the spin-density
matrix element ρ1

1−1 from 0.5, which is in favor of a sizable
contribution of unnatural parity exchange processes. These
facts raise several questions: (i) does one have to modify the
conventional Pomeron exchange model at low energy, (ii) what
is the source of unnatural parity exchange channels, and (iii) do
we need to introduce some exotic channels (additional
Reggeon trajectories, processes associated with possible hid-
den strangeness in the nucleon, etc.) to describe the data.

In principle, these questions are related to each other and
have to be analyzed simultaneously. Thus, for example,
the mentioned bumplike behavior may be a result of the
interplay of the pseudoscalar exchange amplitude and modified
Pomeron exchange channels.

The coherent φ photoproduction off the deuteron in the
diffraction region seems to be very useful for such an analysis.
First of all, the isovector π meson exchange amplitude is
eliminated in the case of the isoscalar target. Therefore, the ap-
pearance of the bumplike structure in the energy dependence of
the differential cross section of the reaction γD → φD would
favor a modification of the conventional Pomeron exchange
amplitude. The next step is an analysis of spin observables,
in particular, the properties of the decay φ → K+K− with
unpolarized and polarized photon beams. The incoherent φ

photoproduction in the γD → φpn reaction allows one to
extract observables of the γ n → φn reaction which can be
used for a simultaneous analysis of photoproduction off the
neutron and proton targets in order to get additional and
independent evidence of a manifestation of possible exotic
channels.

Schematically, the coherent and incoherent φ meson pho-
toproduction processes are exhibited in Fig. 1 with single
and double scattering. The internal dashed lines in Figs. 1(b)
and 1(d) correspond to diagonal (m = φ) and nondiagonal
(m = π, ρ, ω, . . .) transitions, respectively. In this paper, we
study the φ meson photoproduction at low energies with Eγ <

3 GeV at forward photoproduction angles with momentum
transfer |t | <∼ 0.4 GeV2, where the single scattering processes
are dominant. The coherent φ meson photoproduction at higher
values of |t | is controlled by the double scattering processes,
which can provide important information about the cross
section of the φN scattering [12,13]. However, this interesting
topic is beyond the scope of our present analysis, where we
focus just on the extremely forward φ meson photoproduction,
where some hint of an anomaly in the differential cross section
of the γp → φp reaction was found [11]. Some theoretical
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FIG. 1. Diagrammatic representation of coherent [(a), (b)] and
incoherent [(c), (d)] φ meson photoproduction in the γD reactions
with single [(a), (c)] and double [(b), (d)] scattering contributions.

estimate for the coherent vector meson photoproduction from
the deuteron is given in Ref. [14]. The first experimental
data on the γD → φD reaction were reported recently in
Refs. [15,16].

The aim of the present paper is to extend the results of
Ref. [14] for the coherent and incoherent φ meson photopro-
duction off the deuteron and to give a consistent analysis of the
recent experimental data on γD reactions to help determine
whether they can be described in terms of conventional
dynamics or whether some new (exotic) mechanisms are
needed for their interpretation.

Our paper is organized as follows. In Sec. II we provide
equations for the amplitudes of φ photoproduction off the
proton which are used later for coherent and incoherent
φ meson photoproduction in γD reactions. Here we also
analyze the unpolarized differential cross section of the
reaction γp → φp. In Sec. III we present a model for
coherent and incoherent γD → φX(X = D,np) reactions.
In Sec. IV we provide a simultaneous analysis of spin-
density matrix elements for φ → K+K− decay distributions
in γp, γ n, and γD reactions. The summary is given in
Sec. V.

II. � MESON PHOTOPRODUCTION OFF THE PROTON

For the reaction γp → φp, we define the kinematic
variables with the usual notation. The four-momenta of the
incoming photon, outgoing vector meson, and initial and final
protons are denoted as kγ , qφ, p, and p′, respectively. The
standard Mandelstam variables are defined as t = (p′ − p)2 =
(kγ − qφ)2, s ≡ W 2 = (p + kγ )2.

In forward-angle photoproduction, the s and u channels
with an intermediate nucleon and nucleon resonances are
negligibly weak, and the main contribution comes from the
Pomeron and pseudoscalar (π, η) meson exchange processes.
The corresponding model for the φ meson photoproduction
in the γp → φp reaction is described in Ref. [7]. However,
for the sake of completeness in this section, we provide the
main expressions for the invariant amplitudes which will be
used below.

The photoproduction amplitude is expressed in standard
form as

T
γp→φp

mf λφ ;miλγ
= ūfMµνuiε

∗µ
λφ

εν
λγ

, (1)

where ελγ
and ελφ

are the polarization vectors of the photon
and φ meson, respectively, and ui = umi

(p) [uf = umf
(p′)] is

the Dirac spinor of the nucleon with momentum p [p′] and
spin projection mi [mf ].

For the Pomeron exchange amplitude, we utilize the
modified Donnachie-Landshoff (DL) model [8] to write

Mµν = M(s, t)
µν, (2)

where the transition operator 
µν reads


µν = k/γ

(
gµν − q

µ
φ qν

φ

q2
φ

)
− γ ν

(
kµ
γ − q

µ
φ

kγ · qφ

q2
φ

)

−
(

qν
φ − p̄νkγ · qφ

p̄ · kγ

) (
γ µ − q/φq

µ
φ

q2
φ

)
, (3)

with p̄ = (p + p′)/2. The last term with p̄ is added to restore
the gauge invariance [7]. The scalar function MP (s, t) is
described by the Reggeon parametrization

MP (s, t) = CP F1(t)F2(t)
1

s

(
s

sP

)αP (t)

exp

[
− iπ

2
αP (t)

]
, (4)

where F1(t) is the isoscalar form factor of the nucleon and F2(t)
is the form factor for the φ meson-photon-Pomeron coupling
[8], that is,

F1(t) = 4M2
N − a2

Nt(
4M2

N − t
)
(1 − t/t0)2

,

(5)

F2(t) = 2µ2
0(

1 − t/M2
φ

)(
2µ2

0 + M2
φ − t

) .

The Pomeron trajectory is known to be αP (t) = 1.08 + 0.25t .
The strength factor CP is given by

CP = 6eg2

γφ

, (6)

where γφ � 6.7 is the φ meson decay constant. The parameter
g2 is a product of two dimensionless coupling constants
g2 = gPssgPqq = (

√
sP βs)(

√
sP βu), where gPss and gPqq are

Pomeron couplings with the strange quark in a φ meson and
the light quark in a proton, respectively. In our study, we chose
t0 = 0.7 GeV2, µ2

0 = 1.1 GeV2, sP = 4 GeV2, and βs = 1.44
and βu(d) = 2.04 GeV−1. The parameter aN = 2 is taken to be
larger than the corresponding parameter in the DL model [8],
making the overall form factor close to that of the two-gluon
exchange model [10]. Actually, the original DL model was
motivated by the two-gluon exchange model of Landshoff and
Nachtmann [17], therefore such a modification seems to be
reasonable.

In the case of the pseudoscalar mesons exchange (M =
π, η), the transition operator Mµν reads

MM
µν = −i

egγφMgMNN

Mφ

γ5

εµναβkγ α
qφβ

t − M2
π

F 2
M (t), (7)

with gπNN � 13.26, gγφπ � −0.14, and gγφη � −0.71 [7].
In this paper, following estimates based on the QCD sum
rule [18] and chiral perturbation theory [19], as well as the
phenomenological analysis of η photoproduction [20], we use
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FIG. 2. Differential cross section of the γp → φp reaction as a
function of momentum transfer t at Eγ = 2.02 GeV. The Pomeron
and pseudoscalar exchange contributions and total cross section are
shown by dot-dashed, dashed, and solid curves, respectively. Data are
from LEPS [11], SAPHIR [22], Bonn [23], and JLab [24].

gηNN � 1.94. F 2
M is the product of the two form factors of the

virtual exchanged mesons in the MNN and γV M vertices

FM (t) = 2
M − m2

π

2
M2 − t

, (8)

with π(η) = 1.05 GeV. This value is slightly greater than
the values of the cutoff parameters in Ref. [7] π(η) =
0.6(0.9) GeV], which result in some modification of the
pseudoscalar exchange contribution. The SU(3) symmetry
predicts a constructive π − η interference in γp reactions and
a destructive interference in γ n reactions [21].

In Fig. 2 we show the differential cross section of the γp →
φp reaction (solid curve) for the photon energy bin Eγ = 1.97–
2.07 GeV from LEPS [11], together with the experimental data
at Eγ ∼ 2 GeV [11,22,23]. For completeness, we also display
JLab [24] data, obtained at 3.6 GeV, because there is not much
difference in the t dependence of the Bonn [23] and JLab [24]
data. One can see that the model satisfactorily describes the
Bonn and JLab experimental data. However, it underestimates
the LEPS and SAPHIR data at relatively large |t | which
probably may manifest additional channels beyond our simple
model [7]. The energy dependence of the differential cross
section at the forward photoproduction angle with θ = 0 (i.e.,
t = tmax) together with the experimental data [11] is shown in
Fig. 3. One can see a sizable deviation of experimental data
around Eγ = 2.2–2.4 GeV from the monotonic theoretical
curve. Actually, it is a question of two data points for
Eγ = 2.17–2.27 and 2.27–2.37 GeV energy bins [11] which
are below the prediction based on the conventional dynamics.
This deviation may indicate a manifestation of an additional
exotic channel. On the other hand, it may be related to the
difference between the t dependences of different data sets.
Thus, in Fig. 2 one can see a slightly different t dependence
of four different groups, which would result in a difference in
dσ (t = tmax)/dt found by an extrapolation to t → tmax.

It seems to be obvious that to understand the nature of this
difference, one needs more precise experimental data at small
energy bins not only on differential cross section but also on
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FIG. 3. Differential cross section of the γp → φp reaction at
t = tmax (θ = 0) as a function of the photon energy. Experimental
data are from Refs. [11,25].

polarization observables sensitive to the spin-flip channels.
An additional way is to test an independent process at Eγ ∼
2 GeV for a manifestation of possible exotics. One of them
is the coherent γD → φD photoproduction [15] performed
within the same experimental conditions as the γp → φp

reaction [11], which we consider below.

III. � MESON PHOTOPRODUCTION IN γ D REACTIONS

In this section, we consider coherent γD → φD and
incoherent γD → φnp photoproduction processes. The kine-
matic variables for these reactions are the following ones.
The four-momenta of the initial and the final deuteron (np
system) are denoted as pD and p′

X (X = D,np), respectively.
The Mandelstam variables are defined as sD ≡ W 2

D = (pD +
kγ )2, tX = (p′

X − pD)2, and so on. The space component of
the momentum transfer to deuteron in the laboratory system
is q2 ≡ q2 = −tD(1 − tD/4M2

D), where MD is the deuteron
mass.

A. Coherent photoproduction

As mentioned above, here we consider the φ meson
photoproduction at forward angles with |t | <∼ 0.4 GeV2, where
the dominant contribution comes from the single scattering
process, shown in Fig. 1(a). In such a case, one can use a
nonrelativistic framework for the deuteron form factor based
on utilizing the realistic NN interaction. In our analysis,
we use the deuteron wave function calculated with the Paris
potential [26,27] designed just for describing nuclear processes
at high momentum transfer. Thus, it describes fairly well the
deuteron electromagnetic form factor with momentum transfer
up to −t � 0.9 GeV2 [27].

The total vector meson photoproduction amplitude in the
reaction γD → V D reads

T D
Mf Mi ;λV λγ

= 2
∑
αβ

〈Mf λV , β|T s
βα;λV λγ

|Miλγ , α〉, (9)

where Mi,Mf , λγ , and λV stand for the deuteron-spin pro-
jections of the initial and final states, and helicities of the
incoming photon and the outgoing vector meson, respectively.
T s is the amplitude of the vector meson photoproduction from
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the isoscalar nucleon, i.e.,

T s ≡ 1
2 (T p + T n). (10)

The indices α and β in Eq. (9) refer to all quantum numbers
before and after the collision. The elementary photoproduc-
tion amplitudes T p,n were defined in the previous section.
π exchange terms are canceled in the total amplitude, since
T n

π = −T
p
π .

Using the standard decomposition of the deuteron state in
terms of s (U0) and d (U2) wave functions, one can rewrite
Eq. (9) in the explicit form

T D
Mf ,Mi ;λV λγ

(t) = 2
√

4π
∑

iλ
L̂′̂λ
L̂

Yλµ(̂q)C1M
1
2 m1

1
2 m

×C1M ′
1
2 m′

1
1
2 m

C
1Mi

1MLML
C

1Mf

1M ′L′ML′

×C
LML

L′ML′ λµCL0
L′0λ0RLL′λ(q2)T s

m1m
′
1;λV λγ

(t),

(11)

where ĵ = √
2j + 1, and the radial integral RLL′λ reads

RLL′λ(q2) =
∫

drUL(r)UL′(r)jλ(qr/2). (12)

For a qualitative analysis of the unpolarized differential
cross section at small momentum transfer with θq̂ � 0, keeping
only the spin/helicity conserving terms with natural T N and
unnatural T U parity exchange in the total amplitude, one gets

T
N
U

mm′;λV λγ
(t) =

(
1

2mλγ

)
δmm′δλγ λV

T
N
U

0 (t). (13)

Here, T
N
U

0 (t) is the spin-independent part of the amplitudes.
Using Eq. (11) with Eq. (13), we get the following result for
the natural and unnatural parity-exchange parts of the total
amplitude:

T DN
Mf Mi ;λV λγ

= 2δMiMf
δλγ λV

(δ±1Mi
SN

1 + δ0Mi
SN

0 )T N
0 ,

(14)
T DU

Mf Mi ;λV λγ
= 2Miλγ δMiMf

δλγ λV
δ±1Mi

SU
1 T U

0 .

The form factors S
N,U
i read

SN
1 = FC −

√
2FQ,

SN
0 = FC + 2

√
2FQ, (15)

SU
1 = FM,

with

FC = R000 + R220, FQ = R202 − 1√
8
R220,

(16)

FM = R000 − 1

2
R220 +

√
2R202 + R220.

Taking into account the cancellation of the unnatural parity π

exchange contribution and neglecting weak η meson exchange,
one can express the differential cross section of the γD → φD

reaction by the cross section of the φ photoproduction from
the isoscalar nucleon 〈N〉 as

dσγD

dt
� 4Z(t)

dσγ 〈N〉

dt
, (17)
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2
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FIG. 4. Dependence of the structure factor Z on t = tD .

where t = tD, and Z(t) is the structure factor

Z(t) = F 2
C(t) + 4F 2

Q(t). (18)

The dependence of Z and FC,Q on tD is rather sym-
bolic. In fact, these factors depend on the spatial part of
the four-momentum transfer in the laboratory system q, as
follows from Eq. (12). The relation between tD and q2 reads
tD = −2MD(

√
q2 + M2

D − MD). The structure factor Z as a
function on tD is shown in Fig. 4. In the considered region
of momentum transfer t , the factor Z(t) is related to the
well-known structure function A(t) of the elastic eD → eD

scattering as

A(t) � Z(t)G2
d (t), (19)

where Gd (t) = 1/(1 − t/0.71)2 is the dipole electromagnetic
form factor of the proton.

Equation (17) allows one to extract the cross section of
the γ 〈N〉 reaction from the measured cross section of the γD

reaction as

dσγ 〈N〉

dt
� [4Z(t)]−1 dσγD

dt
. (20)

In Fig. 5 the differential cross section of the γD →
φD reaction is exhibited as calculated by using the ex-
plicit expression for the photoproduction amplitude given by
Eq. (9), together with the available experimental data by
LEPS [15] and CLAS [16] collaborations. For simplicity, we
show only a comparison for the bin Eγ = 2.07–2.17 GeV. The
description of the data for other bins has a similar quality. One
can see that the model describes rather well the data at low
momentum transfers |tD| but tends to underestimate the data
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FIG. 5. Differential cross section of the γD → φD reaction as
a function of momentum transfer t (t = tD), with LEPS [15] and
CLAS [16] data.
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FIG. 6. Differential cross section of the γD → φD reaction at
t = tmax (t = tD) as a function of the photon energy. Experimental
data are from Ref. [15].

at higher |t |, probably pointing to the growing weight of more
complicated (such as double scattering) channels.

In Fig. 6 we show the energy dependence of the differential
cross section of the γD → φD reaction at θ = 0 (i.e., t =
tmax) together with experimental data [15]. The agreement
between data and model is fairly reasonable. Note that here
the experimental data do not point to a bumplike structure at
Eγ ∼ 2 GeV.

In Fig. 7 the comparison of φ meson photoproduction off
the proton and off the isoscalar nucleon in a deuteron at θ = 0
is displayed. In the latter case, the experimental data and
the theoretical curve are evaluated from the corresponding
cross section of the γD → φD reaction by using Eq. (20).
The figure displays the energy dependence of the differential
cross sections at θ = 0. One can see that the two cross
sections are close to each other at all energies. The Pomeron
exchange amplitude dominates at high energies. At lower
energy, the behavior of the cross sections of the γp and γ 〈N〉
reactions is not trivial. The elimination of the isovector π

exchange contribution in the γ 〈N〉 reaction is compensated by
a modification of momentum transfer t , which is smaller than
that of the γp reaction near the threshold in the γD reaction.
This causes the approach of both curves with decreasing
energy Eγ .
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FIG. 7. Differential cross section of φ meson photoproduction
off the proton (solid curve) and off the isoscalar nucleon in the γD

reaction. Experimental data are from Refs. [11,15].

B. Incoherent photoproduction

The main purpose of the measurement and the theoretical
study of the incoherent φ meson photoproduction in the
γD reactions is to extract the cross section of γ n → φn

photoproduction with the goal of a subsequent combined
analysis of γp and γ n reactions to seek for a possible
manifestation of exotic channels. This problem seems not too
difficult if one uses the exclusive γD → φnp reaction. But at
low energy and forward photoproduction angles, the momenta
of the recoil nucleons are small, and there is an experimental
problem with their detection. Therefore, another way is to
study the [γD, φ] missing mass distribution in the inclusive
γD → φX (X = np,D) reaction. Below we develop a model
which can be used for the extraction of the observables of
γ n → φn photoproduction.

The differential cross section of the φ meson photoproduc-
tion in the γD → φnp reaction reads

dσ

dtdMX

= 1

64πE2
γ M2

D

∫
d�̃

p̃

16π3
(|Tp|2 + |Tn|2), (21)

where p̃ and �̃ are the momentum and the solid angle of the
spectator nucleon in the rest frame of the np pair, respectively;
MX is the invariant mass of this pair, and t = tX; averaging
and summing over the spin projections in the initial and the
final states are assumed. Tp(n) is the amplitude of the partial
proton (neutron) contribution. It is related to the amplitude of
the γN → φN (N = n, p) reaction and the deuteron wave
function ψD as

TN = −
√

2MD

∑
L

〈
1

2
m2

1

2
m̄|1Mi − 

〉
×〈L1Mi − |1Mi〉T γN→φN

m1λφ ;m̄λγ
ψD

L(ps), (22)

with

ψD
L(p) = (2π )

3
2 iLYL(̂p)uL(p),

(23)

uL(p) =
√

2

π

∫
drrUL(r)jL(pr),

where ps is the spectator momentum in the laboratory system,
uL(r) is the radial deuteron wave function in the configuration
space, Mi, λγ ,m1,2, and λφ are the spin projections of the
incoming deuteron, photon helicity, the spin projections of
the outgoing nucleons, and the helicity of the φ meson,
respectively. For evaluating Eq. (21), we define kinematic
variables by the following steps. For given MX, the energy
of the outgoing nucleons in the np rest frame is Ẽ =
MX/2. Then, using �̃ and the φ meson photoproduction angle
in the center-of-mass system as input variables, we evaluate
the four-momenta of the outgoing nucleons first in c.m.s. and
then in the laboratory system. The four-momentum of the
struck nucleon is pi = pD − ps , where pD = (MD, 0). The
amplitude T γN in Eq. (11) is evaluated with an off-shell struck
nucleon with 0 < p2

i < M2
N . In such a way, the off-shell effects

in the incoherent channel are evaluated consistently.
The differential cross sections of the incoherent φ meson

photoproduction are displayed in Figs. 8 and 9. Let us
first discuss the differential missing mass distribution in the
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energies. The curves correspond to the cross
sections of incoherent γD → φ(pn) (dashed)
reactions, the coherent γD → γD (dot-dashed),
and their sum (solid). The arrows mark the
position of the maximum of the missing mass
distribution.

γD → φX reaction (X = D,np) as a function of the [γD, φ]
missing mass and momentum transfer t . For the coherent and
incoherent parts, we use the common momentum transfer t =
tD . This means that the incoherent part must be multiplied by
the Jacobian dtX/dtD =

√
λ(s,M2

X,M2
φ)/λ(s,M2

D,M2
φ). With

regards to a comparison of our prediction with the experimental
data, the experimental resolution must be included. Also, the
cross section of the incoherent photoproduction is slightly
modified. Therefore, we compare data with the missing mass
distribution folded with a Gaussian distribution function

dσ

dMXdt
=

∫
dσ

dMdt
f (MX − M)dM,

(24)

f (MX − M) = 1

σ
√

2π
exp

[
− (MX − M)2

2σ 2

]
,

with σ = 10 MeV [15], which imitates a finite experimental
resolution.

In Fig. 8, we show the differential [γD, φ] missing mass
distribution in γD → φX reactions for different photon
energies for the forward photoproduction angle θ = 0. The
position of the maximum of the incoherent part is marked
by an arrow. One can see a strong energy dependence of
(i) the absolute value of the cross section, (ii) the relative
contributions of the coherent and incoherent processes, and
(iii) the position of the maximum of the incoherent part. At
relatively large photon energies (Eγ ∼ 2.5 GeV), our model
predicts a strong overlap of coherent and incoherent parts, and
the coherent photoproduction amounts to more than 30% of
the total cross section. Our model seems to be an effective tool
for isolating the coherent and incoherent parts with subsequent
extraction of the φ photoproduction off the neutron.
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FIG. 9. Distribution of [γD, φ] missing mass for the γD → φX

reaction. The histogram corresponds to the experimental data [28].
The theoretical curves are scaled by the factor 3.7 (µb/GeV3)−1 (see
details in text).

Figure 9 exhibits the invariant mass distribution averaged
within the interval Eγ = 1.5–2.4 GeV together with experi-
mental data [28] given in units of events. The theoretical curves
are scaled by the factor 3.7 (µb/GeV3)−1. The comparison
is rather qualitative, because we did not use the detailed
acceptance corrections which may somehow modify the shape
of the distributions. Nevertheless, the qualitative agreement
between prediction and data seems to be quite encouraging.

IV. SPIN-DENSITY MATRIX ELEMENTS

In this section, we consider several important matrix
elements of spin-density matrices ρi

λλ′ (i = 0, 1, 2) which
determine the φ meson decay distribution in its rest frame for
both unpolarized and linearly polarized photon beams. The
spin-density matrices are defined by

ρ0
λλ′ = 1

N

∑
α,λγ

Tα;λ,λγ
T

†
α;λ′,λγ

,

ρ1
λλ′ = 1

N

∑
α,λγ

Tα;λ,−λγ
T

†
α;λ′,λγ

, (25)

ρ2
λλ′ = i

N

∑
α,λγ

Tα;λ,−λγ
T

†
α;λ′,λγ

.

The symbol α includes the polarizations of the incoming
and outgoing baryons, and the normalization factor has the
standard form

N =
∑

α,λ,λγ

Tα;λ,λγ
T

†
α;λ,λγ

, (26)

where Tα;λ,λγ
is the total φ meson photoproduction amplitude.

We perform our consideration in the φ meson rest frame
with the quantization axis along the beam momentum, i.e.,
the Gottfried-Jackson (GJ) system. Other possible choices are
the helicity (H) system with the quantization axis opposite
to the recoil nucleon (deuteron) momentum in the γp

(γD) reaction, and the Adair (A) system, where the quan-
tization axis is along the beam direction in the c.m.s.
[29]. The GJ system has some advantage because only
here do some spin-density matrix elements have clear
physical meanings, e.g., as a measure of the helicity
conserving processes or as an asymmetry between pro-
cesses with natural and unnatural parity exchange in the
t channel.
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FIG. 10. Energy dependence of ρ0
00 for

the γD → φD reaction at (a) t0 = tmax and
(b) t0 = −0.2 GeV2; �t = 0.2 GeV2. Curves
correspond to the explicit γD reactions (solid),
the γD reaction with reduced cross sections
(dot-dashed), and photoproduction off the free
isoscalar nucleon (dashed).

Consider first the matrix element ρ0
00. This matrix element

determines the polar angular distribution of φ → KK̄ decay

W (cos �) = 3
2

(
ρ0

00 + 1
2

(
1 − 3ρ0

00

)
sin2 �

)
. (27)

In the GJ system, ρ0
00 is the measure of the spin-flip transition

with λγ = ±1 → λφ = 0. Thus, in the case of a pure helicity
conserving amplitude, which may be expressed as

Tα;λφ,λγ
� (

ελγ
· ε∗

λφ

)
T 0

α , (28)

the photon polarization vector ελγ
is transversal with respect to

the z axis, and therefore spin-flip transitions λγ = ±1 → λφ =
0 are forbidden, and ρ0

00 = 0, independently of the momentum
transfer. In the helicity system, the photon polarization vector
has a finite z component

ελγ z = λγ√
2

sin β, (29)

where β is the angle between the H and GJ systems

β = vφ − cos θ

vφ cos θ − 1
, (30)

and vφ and θ are the φ meson velocity and the φ photo-
production angle in c.m.s., respectively. For relatively large
momentum transfer, when sin β � 1, one gets a large value of
ρ0H

00

ρ0H
00 � sin2 β, (31)

even for the helicity conserving amplitude. Conversely, one can
imagine an amplitude which generates ρ0GJ

00 � 1 [for example,
take only the second term in Eq. (3)], and then ρ0H

00 � cosβ � 0.
In general, the spin-density matrices in the H and GJ system
are related to each other as

ρiH
λλ′ =

∑
µν

d1
λµ(−β)ρiGJ

µν d1
νλ′ (β). (32)

Let us first discuss the energy dependence of the spin-
density matrix element ρ0

00 in the GJ system for γp, γ n,
and γD reactions. Following the experimental data, we
calculate averaged ρ matrices in the interval |t | − |t0| < �t .
The averaged ρ matrices are defined as ratios of averaged
numerators and denominators (N ) in Eqs. (25). In such a case,
a direct comparison of the ρ matrices for the coherent γD and
for the γp reactions is hampered by the deuteron form factor.
The deuteron form factor drops rapidly with increasing values
−t (see Fig. 4) and, therefore, the dominant contributions in
the γD and γp reaction at the same values of t0 and �t

come from different momentum transfers |t̄D| < |t̄p|. This

effect is particularly important for small values of t0 � tmax,
where the slope of the deuteron form factor is rather steep.
Thus, at relatively large energies, say Eγ � 2 GeV, the main
contribution comes from |t̄D| � |t0| ∼ 0, making the averaged
ρ matrices for the γD reaction practically constant. One can
remove the effect of the deuteron form factor by scaling
the product T T † in Eqs. (25) (or in the cross sections of
the γD → K+K−D reactions) by an inverse structure factor
Z(t) given by Eq. (18). Such reduced ρ matrices would be
much closer to the ρ matrices for the photoproduction off
the “free” isoscalar nucleon. Figure 10 illustrates the effect
of the deuteron form factor for the γD reaction and the γD

reaction with reduced cross sections. The latter one is denoted
as γDr . For completeness, we also show results for the φ

photoproduction off the free isoscalar nucleon. One can see a
large difference between predictions for γD reaction and the
photoproduction off the free isoscalar nucleon at t0 = tmax. In
the first case, ρ0

00 is almost constant, whereas in the second
case it increases with energy in the given energy interval. Such
an increase for the γN reaction can be understood as follows.
The finite value of ρ0

00 is generated by the Pomeron exchange
amplitude and is determined by the second (main) and third
terms in Eq. (3), whereas the total cross section is dominated by
the first term. Neglecting spin-conserving pseudoscalar meson
exchange, one can get the following analytical estimate of ρ0

00
for the GJ frame for the pure Pomeron exchange channel:

ρ0
00approx � 2

(
2p2

x − t
)
k2
γ(

s − M2
N

)(
s − M2

N − M2
φ − t

) , (33)

where px is the x component of the nucleon momentum
(px = p′

x), kγ is the photon energy, and s is the total energy
squared in the γN vertex. At fixed t , dependence on form
factors in numerator and denominator for the γN reaction
is canceled. The increase of ρ0

00 with energy, within the
considered energy interval, is explained by a faster increase
of the numerator (because of factor p2

x) compared to the
denominator at fixed t . At larger energies and small |t |, this
ratio and the corresponding matrix element decrease.

The difference between the reduced ρ0
00 matrix element

and the case of photoproduction off the isoscalar nucleon is
explained by the difference in px, kγ , tmax, and s for γp and
γD reactions. Actually, the kinematic variables in γN vertices
in γp and γD reactions at fixed Eγ and t (|tdmax| < |tpmax|) are
different, and this difference is reflected in spin-density matrix
elements. As an illustration, in Fig. 11 we exhibit results for
ρ0

00 given as a ratio of the average numerator and denominator
in Eq. (33) calculated for γp and γD kinematics. One can
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A. I. TITOV AND B. KÄMPFER PHYSICAL REVIEW C 76, 035202 (2007)

1.5 2.0 2.5 3.0
Eγ (GeV)

0.05

0.10

0.15

ρ0 ap
pr

ox
γ p
γ D

FIG. 11. Estimates of ρ0
00 given by Eq. (33) for γp and γD

reactions.

see some difference between the two cases caused by pure
kinematics.

The comparison of ρ0
00 for the γp, γ n, and γD reactions

without and with scaling by Z−1(t) is shown in Fig. 12. In
Fig. 12(a) we show the result for forward photoproduc-
tion angles with t0 = tmax (θ = 0), together with available
experimental data [11]. In Fig. 12(b) we choose the case
of a larger momentum transfer with t0 = −0.2 GeV2 for
each energy. One can see a monotonic increase of ρ0

00
with energy, and the inequality ρ0

00(γp) < ρ0
00(γ n) <

ρ0
00(γDr ) holds. Some enhancement of ρ0

00 in γ n reactions is
explained by the destructive interference in the π − η meson
exchange amplitude which leads to a decrease of the helicity
conserving terms in the full amplitude. Therefore, the relative
contribution of the spin-flip terms in the γ n reaction [cf.
Eq. (3)] would be larger. In the γDr reaction, together with
a total suppression of π meson exchange, ρ0

00 increases
additionally because of some difference in kinematics, as
discussed above.

In Fig. 13 we exhibit the angular distribution W (cos �)
in the γD → φD → K+K−D reaction in the helicity frame
for Eγ = 3.1 GeV and for t0 = −0.3 GeV2 together with
available experimental data [16] given in this frame. The shown
experimental data were obtained in two energy bins with
Eγ = 1.6–2.6 and 2.6–3.6 GeV and momentum transfer |t | =
0.35–0.8 GeV2. In our calculation, the momentum transfer is in
the range |t | = 0.3–0.5 GeV2, which corresponds to an upper
bound of the momentum transfer acceptable for our model
for the γD → φD reaction with single scattering processes.
Nevertheless, one can see a reasonable agreement between
calculation and data. Note that this distribution is different
in different frames because of the frame dependence of the
ρ matrices. As an example, in Fig. 14 we show the energy
dependence of ρ0

00 for the γD → φD reaction in the H and
GJ frames at |t | − |t0| < 0.2 GeV2 and −t0 = 0.2 GeV2.

The energy dependence of the spin-density matrix element
Reρ0

1−1 is displayed in Fig. 15. This matrix element deter-
mines the azimuthal angle distribution of φ → KK̄ decay in

−1.0 −0.5 0.0 0.5 1.0
cosΘH

0.0

0.5

1.0

W
(c

os
Θ

H
)

1.6−2.6 
2.6−3.6

Eγ GeV

FIG. 13. Angular distribution W (cos �) for the γD → φD →
K+K−D reaction in the helicity frame at Eγ = 3.1 GeV and −t0 =
0.3 GeV2. Experimental data for two energy intervals and |t | = 0.35–
0.8 GeV2 are taken from Ref. [16].

reactions with an unpolarized photon beam

W 0(�) = 1

2π

(
1 − 2Reρ0

1−1 cos 2�
)
. (34)

In Fig. 15, we show results for |t | − |t0| < 0.2 GeV2 with
t0 = tmax and t0 = −0.2 GeV2 together with available ex-
perimental data [11]. The finite value of ρ0

1−1 comes from
the small component of the amplitude responsible for the
double-spin transitions where the helicity of the φ meson
differs from the helicity of the photon by two units: λγ =
±1 → λφ = ∓1. In many models for φ photoproduction, such
as scalar, pseudoscalar t-channel exchange, and the original
DL Pomeron exchange model based on the Pomeron-isoscalar
photon identity, these transitions are forbidden, and ρ0

1−1 is
exactly equal to zero. In the modified DL model, motivated
by the two-gluon exchange dynamics, the term responsible for
the double-spin transition [last term in Eq. (3)] arises naturally,
because it also restores the gauge invariance of the original
DL model. Therefore, the prediction of the finite value of
ρ0

1−1 is doubtless a success of this model. Interestingly, we get
agreement in the Eγ = 2.17–2.37 GeV energy bin, while the
model disagrees with the LEPS data on the unpolarized cross
section. The model also differs from the data at Eγ = 1.97–
2.17 GeV, whereas we just agree with the LEPS data on the
unpolarized cross section in the γp reaction (cf. Fig. 3).
This seems to be interesting. If one needs an exotics for
the interpretation of the unpolarized data at Eγ = 2.17–
2.37 GeV, then the question arises as to why it is not manifest
in the delicate quantity ρ0

1−1, and vice versa. Another problem
is the following. The double-spin transition comes from the
orbital interaction. Therefore, at fixed t − tmax it must be
close to zero near the threshold and monotonically increase

1.5 2.0 2.5 3.0
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γD

γDr

γp γn
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FIG. 12. Energy dependence of ρ0

00 with
(a) t0 = tmax and (b) t0 = −0.2 GeV2 . Exper-
imental data are from Ref. [11].
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FIG. 14. Spin-density matrix elements ρ0
00 in the helicity

and Gottfried-Jackson frames at |t | − |t0| < 0.2 GeV2 and t0 =
−0.2 GeV2.

with energy. This is a model-independent prediction, and it
is in contradiction with the data, which show a decrease with
energy. Such a strong violation of a general principle must
be confirmed by independent measurements. Coming back
to the result shown in Fig. 15, we note that the inequality
ρ0

1−1(γp) < ρ0
1−1(γ n) < ρ0

1−1(γD) is similar to that in the
previous case of single spin-flip transitions.

The matrix elements ρ
1,2
1−1 are related to the asymmetry of

transitions with natural [first term of Eq. (3)] and unnatural
(π, η) parity exchange. They determine the φ meson decay
distribution for linearly polarized photons as a function of the
angle between the azimuthal decay angle (�) and the angle of
the polarization plane (�)

WL(� − �) = 1

2π

[
1 + 2Pγ ρ̄1

1−1 cos 2(� − �)
]
, (35)

where Pγ is the strength of polarization, and

ρ̄1
1−1 = 1

2

(
ρ1

1−1 − Imρ2
1−1

) � ρ1
1−1. (36)

The energy dependence of the spin-density matrix element
ρ̄1

1−1 is shown in Fig. 16 together with the experimental data
[11,15]. In this case, the effect of the deuteron form factor
is rather weak, and we do not display results for the reduced
matrix element. For pure natural (unnatural) parity exchange,
it is equal to 0.5 (−0.5). Qualitatively, within experimental
accuracy, the result of our calculation is consistent with the
data. Sizable deviations of ρ̄1

1−1 from 0.5 in the γp reaction at
low energy are explained by a large contribution of the π, η

exchange processes. Thus, at Eγ � 2 GeV they contribute
on the level of 30% to the total cross section. In γ n and
γD reactions, the pseudoscalar exchange contributions are
suppressed, shifting ρ̄1

1−1 toward 0.5.
For completeness, we also present the angular distribution

WL(� − �) of Eq. (35) for different cases. Figure 17
exhibits this angular distribution for the reaction γp → φp →
pK+K− at |t | − |tmax| � 0.2 GeV2 in the two energy intervals
Eγ = 1.97–2.17 and 2.17–2.37 GeV with beam polarization

Pγ = 0.86 and 0.90, respectively, together with available
experimental data [30]. One can see a reasonable agreement
between our calculation and the experiment.

The angular distribution WL(� − �) for the inclusive
γD → φX (X = D,np) reaction is displayed in Fig. 18
together with the experimental data of Ref. [15]. This dis-
tribution is calculated using the model, developed in Sec. III.
Figures 18(a) and 18(b) correspond to events with [γD, φ]
missing mass smaller or larger than Mcut = 1.89 GeV, re-
spectively. In the first case, the contributions come from both
the coherent and incoherent φ meson photoproduction. The
“effective” ρ̄1

1−1 matrix element is expressed as the sum

ρ̄1L
1−1eff = ρ̄1

1−1DPCH + ρ̄1
1−1np(1 − PCH ), (37)

where PD is the relative weight of the coherent channel, and
ρnp = (ρn + ρp)/2 is the ρ matrix for the quasifree nucleon.
In the second case, the contribution of the coherent channel is
negligible, and we get

ρ̄1R
1−1eff � ρ̄1

1−1np. (38)

In Fig. 18, we show results for |t | − |tmax| < 0.1 GeV2 and
the energy bin with Eγ = 2.27–2.37 GeV [15]. Here, the
beam polarization is Pγ = 0.935 and the model predicts
PCH � 0.67. One can see a sufficient agreement between the
theoretical curves and the data. A similar agreement holds for
the other energy bins.

The agreement between the experimental data and the
calculations for the K+K− angular distributions in γp and
γ np reactions means that the model describes correctly the φ

photoproduction off the neutron, and in particular, supports our
choice of the pseudoscalar channel with a small contribution
of the η meson exchange.

The sum ρ1
M ≡ 2ρ1

11 + ρ1
00 determines the φ meson decay

distribution as a function of the angle between production and
beam polarization planes, that is,

WL(�) = 1

2π

(
1 + 2Pγ ρ1

M cos 2�
)
. (39)

It is important that parity conservation requires ρ1
µν =

(−1)µ−νρ1
−µ−ν [29], which makes ρ1

M invariant under rotation
of the coordinate frame in the production plane. This means
that ρ1GJ

M = ρ1H
M = ρ1A

M . Therefore, it is natural that this
invariant function determines the distribution which depends
only on the beam polarization.

Since ρ1
M is proportional to a combination of single and

double-spin-flip transition amplitudes, its absolute value is
small. The energy dependence of ρ1

M is shown in Fig. 19. One
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FIG. 15. Same as Fig. 12, but for Reρ0
1−1.

035202-9
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FIG. 16. Same as Fig. 12, but
for ρ1

1−1. Experimental data are
from Refs. [11,15].
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FIG. 17. Angular distribution
WL(� − �) for the reaction
γp → φp → pK+K− at |t | −
|tmax| � 0.2 GeV2 for energy
intervals (a) Eγ = 1.97–2.17
and (b) Eγ = 2.17–2.37 GeV.
Experimental data are from
Ref. [30].
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FIG. 18. Angular distribution
WL(� − �) for the reaction
γD → φX → XK+K− (X =
D, np) at |t | − |tmax| � 0.1 GeV2.
(a) and (b) correspond to the
[γD, φ] missing mass smaller or
larger than 1.89 GeV, respectively.
Experimental data are from
Ref. [15].
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can see some increase of ρ1
M when going from (a) t0 = tmax

to (b) t0 = −0.2 GeV2. This is explained by an increasing
contribution of spin-flip transitions with |t |.

V. SUMMARY AND DISCUSSION

We studied different aspects of coherent and incoherent
φ meson photoproduction off the deuteron at forward pho-
toproduction angles to check whether recent experimental
data require the inclusion of some exotic channels discussed
in literature. For this purpose, we reanalyzed the elemen-
tary γp → φp reaction in order to use it as an input for
our study. The corresponding amplitude in the diffractive
region is expressed as a sum of Pomeron and pseudoscalar
exchange channels. The first one represents a slightly modified
Donnachie-Landshoff Pomeron exchange amplitude, whereas
the second one is the coherent sum of the π and η meson
exchange channels. In the present work, the contribution of the
η exchange channel is relatively weak, and correspondingly,
the π exchange is enhanced in order to get the proper relative
contributions of the channels with natural and unnatural parity
exchange. The Donnachie-Landshoff model is designed for
high energy, and it is not clear whether it can also be applied
at low energies or close to the threshold.

We performed a detailed analysis of the differential cross
section of the γp → φp reaction at Eγ ∼ 2 GeV and obtained
a reasonable agreement between the model predictions and the
available experimental data in the diffraction region. At larger
momentum transfer, our model underestimates the recent data
of LEPS and SAPHIR but is quite reasonable for the Bonn and
JLab data up to t = 0.8 GeV2. However, this model cannot
describe the deviation of two data points for Eγ = 2.17–2.27
and 2.27–2.37 GeV energy bins [11] from the monotonic curve
predicted by the conventional dynamics. This is a subject
for future studies. On the other hand, the Pomeron exchange
model, motivated by the two-gluon dynamics, contains terms
responsible for single and double-spin-flip transitions. The
model predictions for the spin-density matrix elements being
sensitive to the spin-flip transitions agree with the available
data for the γp reaction at Eγ ∼ 2 GeV, which also decreases
the space left for possible exotic channels. Notice, however,
that our model does not explain a large value of the ρ0

1−1
spin-density matrix element at the Eγ = 1.97–2.17 GeV bin,
being in agreement for the 2.17–2.37 GeV energy bin. The
reported fast decreasing ρ0

1−1 with energy contradicts the
conventional knowledge that the orbital interaction responsible
for the double-spin-flip transition must intensify with energy
and lead to an increase of ρ0

1−1. Therefore, we can conclude
that for a clear understanding of a possible manifestation of an
exotic channel, one needs a complete set of t dependencies for
the unpolarized cross sections and polarization observables at
different energies as well.

We developed a model for the coherent and incoherent
φ meson photoproduction off the deuteron and performed
again a detailed analysis of the existing data. The slope
of the differential cross section of the coherent φ meson
photoproduction is defined by the corresponding slope of the
elementary γN reaction and by the deuteron form factor.

We found a quite reasonable agreement between the model
prediction and the experimental data in the diffractive region
and some underestimate at large |t | ∼ 0.4 GeV2, which favor
the contributions of more complicated channels, for example,
double scattering processes. But on the other hand, the model
calculation of the φ → K+K− decay distribution, W (cos �),
at |t | � 0.4 GeV is in a good agreement with the experimental
data, which, to some extent, support the single scattering
model in this region of t . Therefore, the remaining difference
between theory and experiment at |t | ∼ 0.4 GeV2 requires
further investigation.

The model fairly well describes the energy dependence of
the cross section of the γD → φD reaction at θ = 0 without
any hint of a bumplike behavior.

We performed detailed and combined investigation of
several important spin-density matrix elements for γp → φp,
coherent γD → φD, and incoherent γD → φnp reactions
aimed at (i) studying the effect of elimination of the isovec-
tor π meson exchange in the coherent γD reaction and
(ii) extracting observables for the γ n reaction. The elimination
of the π meson exchange has two consequences. One is the
relative decrease of channels with spin-conserving amplitudes,
which results in an increase of the relative contributions
of the spin-flip transitions. This leads to an enhancement
of the corresponding spin-density matrix elements. Another
consequence is related to a strong suppression of the amplitude
with unnatural parity exchange and shift of the ρ1

1−1 matrix
element toward 0.5. We obtained a common description of
φ meson decay distributions for γp → φp and incoherent
γD → φnp reactions, confirming the reliability of our model
for the γ n reaction.

To summarize, we can conclude that the existing ex-
perimental data (including also very recent data) on γp,
coherent γD → φD, and incoherent γD → φnp reactions
in the diffraction region at low energies support the model
based on the dominance of the Donnachie-Landshoff Pomeron
plus π, η exchange channels with a relatively weak η meson
contribution. An exception is the difference in the ρ0

1−1
spin-density matrix element in the Eγ = 1.97–2.17 GeV
bin discussed above and the deviation of two data points
in the unpolarized cross section from the monotonic curve
based on conventional dynamics in the γp → φp reaction
(bumplike behavior). But on the other hand, there in no such
behavior in the familiar γD reaction, analyzed within the same
experimental conditions. The question is why? If one could
suggest that this bump is a result of the interference of large
isoscalar and isovector (π meson exchange) amplitudes with
unnatural parity exchange in the γp reaction, then it would
be in contradiction with the ρ1

1−1 matrix element in the γD

reaction which almost completely eliminates the admixture of
the isoscalar unnatural parity exchange amplitude. A possible
explanation of the exotics is the large admixture of an
amplitude with properties of the isovector scalar a0 meson
exchange which can interfere with the Pomeron amplitude in
the γp reaction and disappears in the coherent γD reaction.
The effect of such interference should also be seen in the shape
of unpolarized γ n reaction and disappears in the shapes of
coherent and incoherent γD reactions, modifying the absolute
values of the two latter ones. Since there is no pure neutron
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target, one must analyze the difference in unpolarized γp

and γD reactions. This effect is expected on the level of
5–10%, and it is hardly to be seen in available data with
their present resolution. Therefore, to be sure of the existence
of such an irregular behavior, the experimental resolution
of the data around Eγ ∼ 2 GeV must be greatly improved
by providing additional information on the channels with
spin- and double-spin-flip transitions which are sensitive to
properties of the photoproduction amplitude in γp and γD

reactions. This problem may be studied experimentally at the
electron and photon facilities at LEPS and JLab, the crystal
barrel detector at ELSA (electron stretcher and accelerator) at

the Physics Institute, Bonn University, and the Graal γ -ray
beam of the European Synchrotron Radiation Facility in
Grenoble.
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