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Dynamical model of φ meson photoproduction on the nucleon and 4He
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We investigate φ meson photoproduction on the nucleon and 4He targets within a dynamical model approach
based on a Hamiltonian which describes the production mechanisms by the Pomeron exchange, meson exchange,
φ radiation, and nucleon resonance excitation mechanisms. The final φN interactions are included and described
by the gluon-exchange, direct φN couplings, and the box diagrams arising from the couplings with πN , ρN ,
K�, and K� channels. The parameters of the Hamiltonian are determined by the experimental data of γ p →
φp from the CLAS Collaboration. The resulting Hamiltonian is then used to predict the coherent φ-meson
production on the 4He targets by using the distorted-wave impulse approximation. For the proton target, the
final φN rescattering effects, as required by the unitarity condition, are found to be very weak, which supports
the earlier calculations in the literature. For the 4He targets, the predicted differential cross sections are in good
agreement with the data obtained by the LEPS Collaboration. The role of each mechanism in this reaction is
discussed and predictions for a wide range of scattering angles are presented, which can be tested in future
experiments.
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I. INTRODUCTION

Photoproduction of vector mesons from nuclei has been
studied to investigate nuclear shadowing and the hadronic
structure of the photon based on the vector-meson dominance
(VMD) hypothesis [1–4]. This also offers a way to study the
production mechanisms from neutrons [5] and the medium
modification of vector-meson properties [6].

Most experiments performed through photon-nucleus scat-
terings have been for semi-inclusive φ photoproduction from
several nuclei, which allows us, with the VMD hypothesis,
to estimate the value of the φN total cross sections [7,8].
Recently, exclusive φ meson photoproduction processes have
been investigated at SPring-8 and the Thomas Jefferson Na-
tional Accelerator Facility. The measurements for coherent
and incoherent φ photoproduction from deuterium targets
were reported in Refs. [9–13] and, for the first time, exclu-
sive φ photoproduction from the 4He targets were observed
[14,15]. In the present work, we focus on the reaction of

γ + 4He → φ + 4He (1)

and analyze the data reported in Ref. [14].

*shkim@pknu.ac.kr
†tshlee@anl.gov
‡sinam@pknu.ac.kr
§yohphy@knu.ac.kr

Theoretical studies on coherent φ photoproduction from
nuclei are rather scarce. Most studies are for the reactions with
deuteron targets [16–21], but the processes with light nuclei
have not been studied in detail. The purpose of the present
work is to investigate φ photoproduction on nuclei targets
within the Hamiltonian formulation utilized by the Argonne
National Laboratory and Osaka University (ANL-Osaka) Col-
laboration [22,23].

In this approach we construct a model Hamiltonian with
the parameters determined by the data of φ photoproduc-
tion on the nucleon targets. Earlier studies of vector-meson
photoproduction were mainly in the very-high-energy region
where the Regge phenomenology is applicable, which led
to a fairly successful Pomeron exchange model [24]. In the
near-threshold-energy region, however, the mechanisms aris-
ing from meson-exchanges and the excitation of nucleon
resonances (N∗) in the φN channel would give non-negligible
contributions, as demonstrated in Refs. [25–29]. In the present
work, we follow the model of Refs. [28,29] for the mecha-
nisms of φ photoproduction.

The unitarity condition requires that the γ N → φN ampli-
tude must include the φN → φN final-state interaction (FSI)
as well. As shown in the literature [23,30–32], the FSI is
crucial for extracting the nucleon resonances (N∗) parame-
ters from the experimental data. In addition, the φN → φN
reaction is essential for exploring the possible φ-nucleus
bound states, as predicted by lattice quantum chromodynam-
ics (LQCD) calculations [33]. This also accounts for the FSI
in the reaction of φ meson photoproduction on nuclei. In
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the present work, we elaborate on the model for this reac-
tion as well. For this end, we construct a model for φN
interactions. As possible sources for φN interactions one
may consider the gluon-exchange mechanism within quantum
chromodynamics (QCD) as well as the diagrams arising from
nonvanishing φNN coupling. Another possibility is due to the
decay processes of φ → KK̄ and φ → πρ which then lead
to interactions through φN → KY , πN , ρN . To leading order
these interactions generate the box-diagram mechanisms for
φN scattering, which will be elaborated in the present work.

With a model Hamiltonian constructed by fitting the data of
φ photoproduction on the nucleon, we investigate its produc-
tion on nuclei within the multiple-scattering formulation [34].
By using the well-established factorization approximation, the
photoproduction amplitude on a nucleus can be expressed in
terms of the γ N → φN amplitude and a nuclear form factor.
The final φ-nucleus interactions can be calculated from an
optical potential, which is calculated, in the leading order,
from the φN → φN amplitude and nuclear form factor. We
apply this approach to understand the data from the 4He tar-
gets reported by the LEPS Collaboration [14].

This paper is organized as follows: In Sec. II, we present
the formulation of φ photoproduction on the nucleon. Our
dynamical model for φ photoproduction from the nucleon will
be presented and discussed as well. Section III is devoted
to the discussion on the Born terms of the amplitudes of φ

photoproduction on the nucleon. The FSI amplitude of the
reaction is then investigated in Sec. IV, which completes our
model for φ photoproduction on the nucleon. The formulation
for the photoproduction on nuclei will be discussed in Sec. V,
which allows us to calculate the cross sections of γ 4He →
φ 4He. Our numerical results for the nucleon targets and for
the 4He targets are presented in Sec. VI. Section VII contains
a summary and discussion.

II. DYNAMICAL MODEL OF γN → φN REACTION

Following the dynamical formulation of Refs. [22,23], we
first define the model Hamiltonian which can generate the
γ N → φN reaction and the φN → φN final-state interac-
tion. It is also necessary to include the mechanisms induced
by the φ meson decays such as φ → KK̄ and φ → ρπ ,
whose decay widths are large enough to lead to non-negligible
coupled-channel effects arising from the one-meson-exchange
mechanisms in φN → KY, πN, ρN processes. We thus con-
sider the following form of the Hamiltonian:

H = H0 + BφN,γ N + �N∗,γ N + �N∗,φN

+
∑

MB=K�,K�,πN,ρN

(vMB,φN + H.c.), (2)

where H0 is the free Hamiltonian of the system, BφN,γ N is the
Born term consisting of the tree diagrams for the reaction of
γ N ↔ φN , and vMB,φN is the one-meson-exchange potential
for φN ↔ MB.

As illustrated in Fig. 1, the full amplitude for the γ N →
φN reaction defined by the above Hamiltonian can be written
as

TφN,γ N (E ) = BφN,γ N + T FSI
φN,γ N (E ) + T N∗

φN,γ N (E ), (3)

N N

γ φ

T = +B +B t N ∗

φ

N
a b c

N N

γ φ

T = +B +B t N ∗

φ

N
a b c( ) ( ) ( )

FIG. 1. Total amplitude of the γ N → φN reaction: B is the pro-
duction amplitude, t is the φN scattering amplitude, and N∗ is the
nucleon resonance contributions.

where T FSI
φN,γ N (E ) and T N∗

φN,γ N (E ) are, respectively, the am-
plitudes due to the φN final-state interactions and the N∗
contributions defined by the vertex functions �N∗,γ B and
�N∗,φN . Explicitly, we have

T FSI
φN,γ N (E ) = tφN,φN (E )GφN (E )BφN,γ N , (4)

where the meson-baryon propagator is

GMB(E ) = |MB〉 〈MB|
E − H0 + iε

. (5)

The φN → φN scattering amplitude tφN,φN (E ) in Eq. (4) is
defined by

tφN,φN (E ) = VφN,φN (E ) + VφN,φN GφN (E )tφN,φN (E ), (6)

where the φN potential VφN,φN (E ) is decomposed as

VφN,φN (E ) = vGluon
φN,φN + vDirect

φN,φN + vBox
φN,φN (E ), (7)

as illustrated in Fig. 2. Here, vGluon
φN,φN is the gluon-exchange

interaction [Fig. 2(a)] and vDirect
φN,φN is the direct φN coupling

term [Figs. 2(b) and 2(c)]. The box-diagram mechanisms
[Figs. 2(d)–2(f)] are defined by

vBox
φN,φN (E ) =

∑
MB

vφN,MBGMB(E )vMB,φN , (8)

where the intermediate meson-baryon (MB) states include the
K�, K�, πN , ρN channels.

N N N

φ φ

N N

φ φ

N N N

φ φ

(a) (b) (c)

gluons

N N N

πφ φ

N NΛ, Σ

K

K K

φ φ ρ

ρ

N N N

φ

π

φ

πρ

(d) (e) (f)

FIG. 2. Diagrams for the φN → φN interactions. (a) Gluon-
exchange within QCD, (b), (c) mechanisms by the direct φN
coupling, and (d)–(f) box diagrams arising from the φ → KK̄ and
φ → πρ decays.
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FIG. 3. Born terms of the γ N → φN reaction.

The N∗ excitation amplitude in Eq. (3) is

T N∗
φN,γ N (E ) =

∑
N∗

�̄
†
N∗,φN

1

E − MN∗
0 − �N∗ (E )

�̄N∗,γ N , (9)

where �̄N∗,MB are the dressed vertices, MN∗
0 is the bare mass of

N∗, and �N∗ (E ) is the self-energy of N∗. The details of these
dressed N∗ quantities are discussed in the next section.

By using the normalization condition 〈k|k′〉 = δ3(k −
k′) for plane-wave states [35] and 〈ψB|ψB〉 = 1 for a
single-particle state ψB, the differential cross section of
γ (q, λγ ) + N (pi, ms) → φ(k, λφ ) + N (p f , m′

s) in the center-
of-mass (c.m.) frame, where pi = −q and p f = −k, can be
written as

dσ

d�
= (4π )2

q2
ρφN (W )ργ N (W )

1

4

∑
λV ,m′

s

∑
λγ ,ms

× |〈kλφ ; p f m′
s|TφN,γ N (W )|qλγ ; pims〉|2, (10)

where

ρφN = kEφ (k)EN (k)

W
,

ργ N = q2EN (q)

W
, (11)

with W = q + EN (q) = Eφ (k) + EN (k) being the invariant
mass. Here, λγ and λφ are the helicities of the photon and the
φ meson, respectively, and ms and m′

s are the magnetic quan-
tum numbers of the initial and final nucleons, respectively.

III. BORN TERMS

In the present work, we model the Born terms of the
γ N → φN reaction by the diagrams shown in Fig. 3, which
defines the momenta of the involved particles as well. De-
picted in Fig. 3(a) is the Pomeron exchange mechanism
and we use the parametrization of Ref. [36] following the
model of Donnachie and Lanshoff [37–40]. At low ener-
gies, however, the meson exchange mechanisms [Fig. 3(b)]
and the direct φ radiations [Figs. 3(c) and 3(d)] may give
nontrivial contributions. In the present work, we consider
these mechanisms for constructing the γ N → φN reaction
amplitudes.

The amplitude for the Born term can be written as

〈kλφ ; p f m′
s | BφN,γ N | qλγ ; pims〉

= 1

(2π )3

√
M2

N

4EV (k)EN (p f )|q|EN (pi )

× [ūN (p f , m′
s)Mμν (k, p f , q, pi )uN (pi, ms)]

× ε∗
ν (k, λφ )εμ(q, λγ ), (12)

where εμ(q, λγ ) is the photon polarization vector with mo-
mentum q and helicity λγ , and εν (k, λφ ) is that of the φ meson
with momentum k and helicity λφ . The nucleon spinor of mo-
mentum p and spin projection ms is represented by uN (p, ms),
which is normalized as ūN (p, ms)uN (p, m′

s) = δms,m′
s
. With the

diagrams of Fig. 3, Mμν can be decomposed as

Mμν =Mμν

P +
∑

�=π0,η

Mμν
� +

∑
S=a0, f0

Mμν
S + Mμν

f1
+Mμν

φ,rad,

(13)

where Mμν

P is from the Pomeron exchange, Mμν
� from

pseudoscalar meson exchanges, Mμν
S from scalar-meson ex-

changes, Mμν

f1
from f1(1285) axial-vector-meson exchange,

and Mμν

φ,rad is from the direct φ radiations. In the following
sections, each term of Mμν is discussed in detail.

A. Pomeron exchange

Following Refs. [36,41,42], the production amplitude of
the Pomeron-exchange mechanism for vector-meson photo-
production can be written in the form of

Mμν

P (k, p f ; q, pi ) = GP (s, t )T μν

P (k, p f ; q, pi ), (14)

where

T μν

P (k, p f ; q, pi )

= i
12eM2

V

fV
βQFV (t )βu/d F1(t )(/qgμν − qνγ μ), (15)

with t = (q − k)2 = (p f − pi )
2. Here, e is the unit electric

charge, MV is the vector-meson mass, and fV is the vector-
meson decay constant. The empirical vector-meson decay
constant for the φ meson is estimated as fV = 13.38.1

1The value of fV is determined through the decay width of �(V →
e+e−) = 4πMV αem/(3 f 2

V ) with αem = e2/(4π ), which leads to
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The coupling of the Pomeron with the quark Q (or the
antiquark Q̄) in the vector meson V is represented by βQ while
that with the light quarks in the nucleon is given by βu/d . The
Pomeron–vector-meson vertex is dressed by the form factor

FV (t ) = 1

M2
V − t

(
2μ2

0

2μ2
0 + M2

V − t

)
. (16)

By using the Pomeron-photon analogy advocated by Don-
nachie and Landshoff [37,44], the form factor for the
Pomeron-nucleon vertex is assumed to be the isoscalar elec-
tromagnetic form factor of the nucleon, which can be written
as

F1(t ) = 4M2
N − 2.8t(

4M2
N − t

)
(1 − t/0.71)2 , (17)

where t is in units of GeV2.
The crucial ingredient of the Regge phenomenology is in

the propagator GP of the Pomeron in Eq. (14), which takes
the form

GP =
(

s

s0

)αP (t )−1

exp

{
− iπ

2
[αP(t ) − 1]

}
, (18)

where s = (q + pi )
2 = W 2 and αP(t ) = α0 + α′

Pt . By fitting
the cross section data of ρ0, ω, and φ photoproduction [42],
the parameters of the model have been determined to be

μ0 = 1.1 GeV2,

βu/d = 2.07 GeV−1,

βs = 1.386 GeV−1, (19)

α0 = 1.08,

α′
P = 1/s0 = 0.25 GeV−2.

For heavy quark systems, it was found [36] that, with the same
values of μ2

0, βu/d , and α′
P, the J/ψ and ϒ(1s) photoproduc-

tion data could be fit by choosing βc = 0.323 GeV−1 and
βb = 0.452 GeV−1 with α0 = 1.25. The intercept parameter
α0 of the Pomeron for heavy quarks (c and b) production is
rather different from that for the light quarks (u, d , s). More
rigorous studies are needed to understand this observation,
which is, however, beyond the scope of this work.

Shown in Fig. 4 are the fits to the total cross-section data
of ρ0, φ, J/ψ , and ϒ(1s) mesons. The experimental data for
φ, J/ψ , and ϒ(1s) production processes are found to be well
described by the Pomeron-exchange model at high energies.
On the other hand, the ρ0 and ω production data at low ener-
gies clearly need other mechanisms such as meson-exchange
mechanisms [41,45].

B. Meson exchange

The electromagnetic-interaction Lagrangians for the pseu-
doscalar, scalar, and f1(1285) axial-vector-meson exchanges

fV = 4.94, 17.06, 13.38, 11.18, and 39.68 for ρ0, ω, φ, J/ψ , and
ϒ(1s) mesons, respectively, using the values quoted by the Particle
Data Group [43].

1 10 100

W  (GeV)

10-2

100

102

104

σ t
o
t   

 (
n
b
)

ρ 0

J/ψ

Υ(1s)

φ

FIG. 4. Total cross sections for photoproduction of ρ0, φ, J/ψ ,
and ϒ(1s) on proton targets. The data are from Ref. [46].

are given as

Lγ�φ = egγ�φ

Mφ

εμναβ∂μAν∂αφβ�,

Lγ Sφ = egγ Sφ

Mφ

FμνφμνS,

Lγ f1φ = gγ f1φεμναβ∂μAν∂
λ∂λφα f1β, (20)

where �, S, and f1 stand for the fields for the pseudoscalar,
scalar, and f1(1285) mesons, respectively. In the present work,
we consider � = π0(135), η(548) and S = a0(980), f0(980).
The photon and φ-meson field strength tensors are Fμν =
∂μAν − ∂νAμ and φμν = ∂μφν − ∂νφμ, respectively.

The coupling constants are determined by the radiative
decay widths of φ → �γ , φ → Sγ , and f1 → φγ , which are

�φ→�γ = e2

12π

q3
γ

M2
φ

g2
γ�φ,

�φ→Sγ = e2

3π

q3
γ

M2
φ

g2
γ Sφ, (21)

� f1→φγ = k3
γ

12π

M2
φ

M2
f1

(
M2

f1
+ M2

φ

)
g2

γ f1φ
,

where

qγ = (
M2

φ − M2
�,S

)
/(2Mφ ),

kγ = (
M2

f1
− M2

φ

)/(
2M f1

)
. (22)

Using the branching ratio data of the radiative decays [43],

Br(φ→πγ ) = 1.32×10−3,

Br(φ→ηγ ) = 1.303×10−2,

Br(φ → a0γ ) = 7.6 × 10−5, (23)

Br(φ → f0γ ) = 3.22 × 10−4,

Br( f1 → φγ ) = 7.5×10−4,
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we obtain

gγπφ = −0.14,

gγ ηφ = −0.71,

gγ a0φ = −0.77, (24)

gγ f0φ = −2.44,

gγ f1φ = 0.17 GeV−2,

by following Ref. [27] for the phases of the coupling con-
stants.

The strong-interaction Lagrangians for describing meson
exchanges are

L�NN = −ig�NN N̄Pγ5N,

LSNN = −gSNN N̄SN, (25)

L f1NN = −g f1NN N̄
(
γμ − i

κ f1NN

2MN
γνγμ∂ν

)
f μ
1 γ5N.

The strong-coupling constants are obtained by using the Ni-
jmegen potential as [47,48]

gπNN = 13.0, gηNN = 6.34,

ga0NN = 4.95, g f0NN = −0.51. (26)

Following Refs. [49,50], the coupling of the f1 meson is taken
as

|g f1NN | = 2.5. (27)

We neglect the f1 tensor term by setting κ f1NN = 0 in the
present calculation for simplicity.

The invariant amplitudes for the pseudoscalar, scalar, and
axial-vector-meson exchanges read

Mμν
� = ie

Mφ

gγ�φg�NN

t − M2
�

εμναβqαkβγ5,

Mμν
S = e

Mφ

2gγ SφgSNN

t − M2
S + i�SMS

(q · kgμν − qνkμ),

Mμν

f1
= iM2

φgγ f1φg f1NNεμναβ

(
−gαλ + qtαqtλ

M2
f1

)

×
(
γ λ + κ f1NN

2MN
γ σγ λqtσ

)
γ5qβPf1 (t ), (28)

where qt = pi − p f and MH is the mass of hadron H with
Ma0 = 980 MeV and M f0 = 990 MeV with �a0 ≈ � f0 ≈
75 MeV [43].

To preserve the unitarity condition, we use the Regge pre-
scription for M f1 . The Regge propagator of the f1 meson is
given by

Pf1
(t ) =

(
s

s f1

)α f1 (t )−1 πα′
f1

sin
[
πα f1 (t )

] 1

�
[
α f1 (t )

]D f1 (t ), (29)

where s f1 = 1 GeV2 and the f1 Regge trajectory is α f1 =
0.95 + 0.028t [50]. The signature factor in Eq. (29) is of the
form [50]

D f1 (t ) = exp
[ − iπα f1 (t )

] − 1

2
. (30)

Each vertex in these amplitudes of meson exchanges is
dressed by the form factor in the form of

FM (t ) = �4
M

�4
M + (

t − M2
M

)2 . (31)

The cutoff parameters are determined as (��, �S, � f1 ) =
(0.25, 1.22, 1.50) GeV.

C. Direct φ meson radiations

The effective Lagrangians for the direct φ radiations read

Lγ NN = −eN̄

[
γμ − κN

2MN
σμν∂

ν

]
NAμ,

LφNN = −gφNN N̄

[
γμ − κφNN

2MN
σμν∂

ν

]
Nφμ, (32)

where κp = 1.79. The φNN coupling constant is determined
by using the Nijmegen potential as [47,48]2

gφNN = −1.47, κφNN = −1.65. (33)

The φ-radiation amplitudes are then obtained as

Mμν
φ,rad,s = egφNN

s − M2
N

(
γ ν − i

κφNN

2MN
σ ναkα

)

× (/qs + MN )

(
γ μ + i

κN

2MN
σμβqβ

)
,

Mμν

φ,rad,u = egφNN

u − M2
N

(
γ μ + i

κN

2MN
σμαqα

)

× (/qu + MN )

(
γ ν − i

κφNN

2MN
σ νβkβ

)
, (34)

for s and u channels, respectively. The four-momenta of the
intermediate particles are defined as qs = q + pi and qu =
p f − q.

For the form factor of the γ NN vertex, we consider the
form of Eq. (31) to have

FN (x) = �4
N

�4
N + (

x − M2
N

)2 , (35)

for x = (s, u). Following Ref. [52], we take the common form
factor as

Fc(s, u) = [FN (s) + FN (u) − FN (s)FN (u)]2. (36)

For the φNN vertex, we use

FN (k) =
(

�2
N

�2
N + k2

)2

, (37)

following the ANL-Osaka formulation, where k is the three-
momentum of the produced φ meson. This choice is to ensure
the convergence of the integration in calculating the FSI ef-
fect.

2We note that smaller values of the φNN coupling strength are
obtained by kaon loop calculations in Ref. [51].
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The final form of the φ-radiation amplitude then becomes

Mφ,rad = (Mφ,rad,s + Mφ,rad,u)Fc(s, u)FN (k). (38)

Similar amplitudes are needed to estimate the FSI effects
through the φp → φp reaction, as depicted in Figs. 2(b) and
2(c). For considering the FSI effects, we use the same form
factor as given in Eqs. (36) and (37). However, the differential
cross-section data of φ photoproduction in the far backward
direction, cos θ � −0.8, are very limited [53]. Since the N-
exchange contribution rises at very large scattering angles
[27], the paucity of the data does not allow us to precisely
pin down the contribution from the N exchange diagrams.
In the present work, therefore, we fix its strength by �N =
0.98 GeV.

D. N∗ excitation terms

The calculation of the N∗ amplitude in Eq. (9) requires
a full coupled-channels calculation for the evaluation of the
dressed vertex �̄N∗,φN and the self-energy �N∗ (E ). The de-
tails can be found, for example, in Refs. [22,23]. In this
exploratory study, however, we make a simplification by
assuming MN∗ − �N∗ (E ) ∼ MN∗ + i

2�tot (E ), so that the re-
sulting form is reduced to the usual Breit-Wigner form. In
the c.m. system, the amplitude of γ (q, λγ ) + N (−q, λN ) →
N∗(J, MJ ) → φ(k, mφ ) + N (−k, m′

s) can then be written as
[22]

〈k, mφm′
s|T J |q, λγ λN 〉

=
∑
MJ

〈k, mφm′
s|�̄N∗,φN |JMJ〉 1

W − MN∗ + i
2�tot (W )

× 〈JMJ |�†
N∗,γ N |q, λγ λN 〉 , (39)

where λγ and λN are the helicities of the photon and the
incoming nucleon, respectively, and mφ and m′

s are spin pro-
jections of the φ and recoiled nucleon. The spin and its
projection of the intermediate N∗ are denoted by J and MJ ,
respectively. The matrix element of the γ N → N∗ transition
is

〈JMJ |�†
N∗,γ N |q, λγ λN 〉

= δλ,(λγ −λN )
1

(2π )3/2

√
MN qN∗

EN q
AλDJ

λ,MJ
(φq, θq,−φq ),

(40)

where Aλ is the helicity amplitude of the γ N → N∗ excitation,
qN∗ and q are determined by MR = qN∗ + EN (qN∗ ) and W =
q + EN (q), respectively, and

DJ
λ,MJ

(φq, θq,−φq ) = ei(λ−MJ )φdJ
λ,MJ

(θq). (41)

Here dJ
λ,MJ

(θq) is the Wigner d function.

The matrix element of the N∗ → φN transition is

〈k, mφm′
s|�̄N∗,φN |JMJ〉

=
∑
LS

∑
MLMS

〈JMJ |LSMLMS〉
〈
SMS

∣∣1 1
2 mφms

〉
YLML (k̂)

× 1

(2π )3/2

1√
2Eφ (k)

√
MN

EN (k)

√
8π2MN∗

MN k
GJ

LS

(
k

kN∗

)L

,

(42)

where k and kN∗ are determined by W = Eφ (k) + EN (k) and
MN∗ = Eφ (kN∗ ) + EN (kN∗ ). The partial decay widths are de-
fined by

d�N∗,γ N = (2π )δ(MN∗ − EN (q) − q)

× 1

2J + 1

∑
MJ

∑
λγ λN

|〈q, λγ λN |�̄†
N∗,γ N |JMJ〉|2

× q2dqd�q,

d�N∗,φN = (2π )δ(MN∗ − Eφ (k) − EN (k))

× 1

2J + 1

∑
MJ

∑
mφmN

|〈k, mφm′
s|�̄N∗,φN |JMJ〉|2

× k2dkd�k . (43)

Integrating over the phase space, the parameters Aλ and GJ
LS

are found to be related to the partial decay widths as

�N∗,γ N = q2
N∗

4π

MN

MN∗

8

2J + 1
(|A1/2|2 + |A3/2|2), (44)

�N∗,φN =
∑
LS

∣∣GJ
LS

∣∣2
. (45)

We follow the model of Ref. [28] for the γ N →
N∗ → φN cross sections to include N∗(2000, 5/2+) and
N∗(2300, 1/2+). The resonance parameters are taken simi-
larly from Ref. [28]. For N∗(2000, 5/2+), we use

�tot = 200 MeV,

A1/2 = 0.031 GeV−1/2,

A3/2 = −0.43 GeV−1/2,

GLS = G2 1
2

= 0.547 MeV, (46)

and the parameters of N∗(2300, 1/2+) are

�tot = 300 MeV,

A1/2 = 0.031 GeV−1/2,

A1/2 = 0.0,

GLS = G0 1
2

= 2.80 MeV. (47)

We also employ the Gaussian form factor [28]

FN∗ (s) = exp

[
−(

s − M2
N∗

)2

�4
N∗

]
, (48)

with �N∗ = 1.0 GeV. Our results are shown in Fig. 5, which
is similar to Fig. 3(b) of Ref. [28].
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FIG. 5. N∗ contributions to the total cross section of γ p → φp.

IV. THE FINAL-STATE INTERACTION AMPLITUDE

The amplitude for final-state interactions is defined in
Eqs. (4)–(8). In the present work, we focus on examin-
ing the relative importance among the gluon exchange term
vGluon

φN,φN , direct φN coupling term vDirect
φN,φN , and box-diagram

term vBox
φN,φN . This can be done by keeping the leading term

in Eq. (6) with taking the approximation that tφN,φN (E ) ∼
VφN,φN (E ) in evaluating the FSI amplitude in Eq. (4). In the
c.m. frame, the amplitude T FSI

φN,γ N (E ) of Eq. (4) for the reaction
of γ (q) + N (−q) → φ(k) + N (−k) can then be obtained as

〈k|T FSI
φN,γ N (E )|q〉

=
∫

dk′ 〈k|VφN,φN (E )|k′〉

× 1

E − Eφ (k′) − EN (k′) + iε
〈k′|BφN,γ N (E )|q〉 . (49)

The main task is then to evaluate the matrix elements of
the potential of VφN,φN (E ) for φ(k′) + N (p′) → φ(k) + N (p),
which can be written as

〈kλφ ; pms|VφN,φN |k′λ′
φ ; p′m′

s〉

= 1

(2π )3

√
M2

N

4Eφ (k)EN (p)Eφ (k′)EN (p′ )

× V (kλφ, pms; k′λ′
φ, p′m′

s), (50)

where Eφ and EN are the energies of the φ meson and the
nucleon, respectively, and

V = VGluon + VDirect +
∑

MB=K�,K�,πN,ρN

VMB(E ). (51)

Here, VGluon [Fig. 2(a)] and VDirect [Figs. 2(b) and 2(c)]
are from the gluon-exchange interaction and the direct φN
coupling term, respectively, and VMB(E ) [Figs. 2(d)–(f)] in-
cludes the box-diagram mechanisms defined by Eq. (8). In the
following sections, we elaborate on calculating these φN po-

tentials from the interaction Lagrangians by using the unitary
transformation method of the ANL-Osaka formulation [23].

A. Gluon-exchange interaction

Because of the OZI rule, the φN interaction is expected
to be governed by gluon exchanges. However, since there
exists no LQCD calculations for the φN potential, we use
the form suggested by the recent analysis of Ref. [54] for
the charmonium-nucleon potential. It was found that that the
calculated charmonium-nucleon potential is approximately of
the Yukawa form which has also been assumed in phenomeno-
logical studies [55] of the φN interactions. We, therefore, take
the form of

Vgluon = −v0
e−αr

r
. (52)

For the charmonium-nucleon system, the LQCD data of
Ref. [54] can be approximated by the above form with v0 =
0.06 and α = 0.3 GeV. Since the φN potential is expected to
have different range and the strength, we consider the range
of parameters as 0.1 < v0 < 1.0 and 0.3 < α < 0.6 GeV. As
will be discussed in Sec. VI, the best fit to the φ photoproduc-
tion data was obtained by setting v0 = 0.2 and α = 0.5 GeV.

The potential of Eq. (52) can be obtained by taking the
nonrelativistic limit of the scalar-meson exchange amplitude
calculated from the Lagrangian,

Lσ = V0(ψ̄NψN�σ + φμφμ�σ ), (53)

where �σ is a scalar field with mass α in Eq. (52). By using
the unitary transformation method used by the ANL-Osaka
formulation, the scalar-meson exchange matrix element de-
rived from Eq. (53) is in the form

Vgluon
(
kλφ, pms; k′λ′

φ, p′m′
s

)
= V0

(p − p′)2 − α2

× [ūN (p, ms)uN (p′, m′
s)][ε∗

μ(k, λφ )εμ(k′, λ′
φ )], (54)

where V0 = −8v0πMφ and (p − p′) = (EN (p) − EN (p′), p −
p′). We will use this form in our calculations.

B. Direct φN coupling term

The form of the direct φN coupling amplitudes is the same
as given in Eqs. (34) and (38) after the replacement of e by
gφNN and κN by κφNN . We also use the same form of the
form factors as given in Eqs. (35)–(37) and the same cutoff
parameter, i.e., �N = 0.98 GeV.

C. Box-diagram mechanisms

To calculate the box diagrams depicted in Figs. 2(d)–
2(f), the transition potentials for φN → K�, K�, πN, ρN
are needed, which can be constructed by the interaction La-
grangians given below. The φN → KY (Y = �,�) processes
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are described by

LφKK = igφKK (K−∂μK+ − ∂μK−K+)φμ, (55)

LKNY = − fKNY

MK
Ȳ γμγ5N∂μK + H.c., (56)

where the coupling constant gφKK = 4.48 is determined from
the experimental data for the decay width, �φ→K+K− =
2.09 MeV, where

�φ→K+K− = g2
φKK p3

K

6πM2
φ

, (57)

with pK = (M2
φ − 4M2

K )1/2/2.
For the φN → πN and φN → ρN processes, we use

Lφρπ = −gφρπ

Mφ

εμναβ (∂μρν ) · (∂απ)φβ, (58)

LρNN = gρNN N̄
(
ρμγ μ − κρNN

2MN
σμν∂νρμ

)
· τN, (59)

LπNN = − fπNN

Mπ

N̄γμγ5τ · (∂μπ)N, (60)

where gφρπ = 1.22 is determined by the decay width of φ →
ρπ . The ρNN coupling constant is determined by using the
Nijmegen potential [47,48],

gρNN = 2.97, κρNN = 4.22. (61)

The couplings of pseudoscalar mesons and baryons are deter-
mined by the SU(3) flavor symmetry relations,

fKN�

MK
= −3 + 2α√

3

fπNN

Mπ

,

fKN�

MK
= (−1 + 2α)

fπNN

Mπ

. (62)

With α = 0.635 and fπNN/
√

4π = √
0.08, we get fKN� =

−3.46 and fKN� = 0.92.
For the reaction of φ(k′) + N (p′) → M(k) + B(p), the am-

plitudes of K , ρ, and π exchanges derived by using the unitary
transformation method from the above Lagrangians can be
expressed as

IMB,φN (k, pms; k′λ′
φ, p′m′

s)

= ūB(p, ms)Iμ
MB,φN uN (p′, m′

s)εμ(k′, λ′
φ ), (63)

where

Iμ

KY,φN = i
gφKK fKNY

MK

1

q2 − M2
K

/qγ5(k − q)μ, (64)

Iμ
πN,φN = −gφρπ gρNN

Mφ

1

q2 − M2
ρ

εμναβkνqα

×
[
γβ − κρNN

4MN
(γβ/q − /qγβ )

]
, (65)

Iμ
ρN,φN =

∑
λρ

−i
gφρπ

Mφ

fπNN

Mπ

1

q2 − M2
π

εμναβkνqα

× ε∗
β (k, λρ )/qγ5. (66)

Here, q = p′ − p = (EN (p′) − EB(p), p′ − p), B = Y or N ,
and the polarization vector εβ (k, λρ ) of the ρ meson with
momentum k and helicity λρ is introduced.

We consider the following form factor for the φM vertex:

FBox(kMB) =
(

�2
MB

�2
MB + k2

MB

)2

, (67)

and

F ′
Box(k′

MB) =
(

�′2
MB

�′2
MB + k′2

MB

)2

, (68)

for the NB vertex, where

k2
MB =

∑
i=1,3

(
kiq0 − qik0

q0 + k0

)2

,

k′2
MB = q2 = (p′ − p)2

. (69)

We choose the cutoff parameters to be 650–1200 MeV which
are in the range of the meson-exchange amplitude determined
in the ANL-Osaka analysis of the πN and γ N reactions.
Explicitly, their values are chosen as

�K�,K�,πN,ρN = 860 MeV, �′
K�,K� = 1200 MeV,

�′
πN = 920 MeV, �′

ρN = 656 MeV. (70)

In the c.m. frame, in which the scattering cross sections
are evaluated, the matrix element of the box-diagram mechbrk
anism is calculated from

VMB(kλφ, pms; k′λ′
φ, p′m′

s)

=
∑

MB=K�,πN,ρN

∫
dκIφN,MB(kλφ, pms; pM , pBmB)

× 1

(2π )3

1

2EM (κ)

MB

EB(κ)

1

W − EM (κ) − EB(κ) + iε

× IMB,φN (pM, pBmB; k′λ′
φ, p′m′

s), (71)

where p = −k, p′ = −k′, pM = (EM, κ), and pB = (EB,−κ).
The matrix elements IφN,MB and IMB,φN in the above equation
are constructed by using the unitary-transformation method
of the ANL-Osaka approach and are free of singularities. The
only singularities in the integrations are from the MB propa-
gator. In this work, both the singular and principal parts are
calculated by using the well-established numerical method.

V. FORMULATION FOR A(γ, φ)A REACTION

The differential cross section of coherent photoproduction
of a vector meson (V ) on a nuclear target (A) with A nucleons,
γ (q) + A(Pi ) → V (k) + A(Pf ), are obtained as

dσ

dt
= π

|q||k|
dσ

d�Lab
, (72)
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FIG. 6. Differential cross sections dσ/d cos θ of the γ p → φp reaction without FSI as functions of cos θ for energies
√

s = W =
(1.985–2.815) GeV. The blue dotted lines are from the calculations including Pomeron exchange only. The green dot-dashed lines show
the sum of the Pomeron and meson exchange mechanisms. The black solid lines and the red dashed lines represent the full contribution with
and without N∗, respectively, which are almost identical at

√
s � 2.57 GeV. The experimental data are from the CLAS Collaboration [53].

where the differential cross section in the laboratory (Lab)
frame (Pi = 0) is

dσ

d�Lab
= (2π )4|k|2EV (k)EA(q − k)

|EA(q − k)|k| + EV (k)(|k| − |q| cos θLab)|
× 1

2(2J + 1)

× ∣∣ 〈kλV ,�Pf MJ f

∣∣T (E )|qλγ , Pi�Pi,MJi

〉 ∣∣2
, (73)

where cos θLab = q̂ · k̂. Within the distorted-wave impulse ap-
proximation of multiple-scattering theory [34], the scattering
T matrix defined by the Hamiltonian of Eq. (2) can be written

as

T (E ) = T IMP(E ) + T FSI(E ), (74)

where

T IMP =
∑
i=1,A

[
BφNi,γ Ni + T N∗

φNi,γ Ni

]
,

T FSI(E ) = TφA,φA(E )
1

E − H0
T IMP. (75)

The impulse term T IMP is the term that the φ meson is
produced from a single nucleon in the nucleus, and T FSI is
the effect due to the scattering of the outgoing φ with the
recoiled nucleus. The φA → φA scattering T matrix is defined
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by

TφA,φA(E ) = UφA,φA(E )

+UφA,φA(E )
1

E − H0 + iε
TφA,φA(E ), (76)

where UφA,φA(E ) is the φA potential.
Within multiple-scattering theory [34], one can define the

φA potential in terms of the φN scattering amplitude. To first
order, we have

UφA,φA(E ) =
∑
i=1,A

tφNi,φNi (ω), (77)

where tφNi,φNi (ω) was defined in Eq. (6). We take the widely
used factorization approximation [34] to evaluate the matrix
element of UφA,φA(E ). In the c.m. frame, for the reaction of
φ(κ) + A(−κ) → φ(κ′) + A(−κ′), we have

UφA,φA(κ, κ′, E ) = 〈κ′|UφA,φA|κ〉
= A 〈κ′, (p0 + q)|tφN,φN (ω0)|κ, p0〉 F (q),

(78)

where q = κ − κ′, p0 = −κ/A, ω0 = Eφ (κ0) + EN (κ0/A)
with κ0 defined by E = Eφ (κ0) + EA(κ0), and

F (q) =
∫

dreiq·rρ(r). (79)

Here ρ(r) is the nuclear density normalized as
∫

drρ(r) = 1.

A. Cross sections from the impulse term

By using the factorization approximation within the
multiple-scattering formulation [34], the contribution from the
impulse term T IMP for spin J = 0 nuclei can be written as

dσ IMP

d�Lab
= (2π )4|k|2EV (k)EA(q − k)

|EA(q − k)|k| + EV (k)(|k| − |q| cos θLab)|
× |AFT (t )t̄ (k, q)|2, (80)

where t = (q − k)2 and t̄ (k, q) is the spin-averaged γ N →
V N amplitude defined by

|t̄ (k, q)|2 = 1

4

∑
ms,λγ

∑
m′

s,λV

| 〈kλV ; p f m′
s|TV N,γ N |qλγ ; pims〉 |2.

(81)

Here, 〈kλV ; p f m′
s|TV N,γ N |qλγ ; pims〉 is the matrix element of

the γ (q) + N (pi ) → V (k) + N (p f ) process as given in the
previous section. The initial nucleon momentum pi in the
initial target state is usually chosen as pi = (MN , 0) by the
frozen nucleon approximation and the final nucleon momen-
tum p f = (p0

f , p f ) is set as

p f = pi + (q − k),

p0
f = EN (p f ) =

√
p2

f + M2
N . (82)

We follow the standard Hamiltonian formulation within which
the γ + N → V + N process in nuclei can be off-energy
shell, i.e., q0 + EN (pi ) �= EV (k) + EN (p f ).

The factor FT (t ) in Eq. (80) is a nuclear form factor which
is probed by the gluon-exchange mechanism. Within the

1 10 100

Eγ  (GeV)

0

0.2

0.4

0.6

0.8

σ 
 (

μb
)

Pomeron

mesons

N*

without N*

full

γ p →  φp

FIG. 7. Total cross section as a function of the photon energy
in the laboratory frame E lab

γ . The blue dotted line stands for the
Pomeron exchange only. The green dot-dashed and the magenta
dot-dashed-dashed lines indicate the meson exchanges and N∗ con-
tributions, respectively. The black solid and the red dashed lines
represent the full contributions with and without N∗, respectively.
The experimental data are from Refs. [56] (open squares), [57] (open
circles), [58] (open triangles), and [59] (stars).

Pomeron-exchange model of Donnachie and Lanshoff [37],
as used in Refs. [36,42], the same form factor is used in usual
hadron-nuclear reactions and is defined as

FT (t ) = 〈�T |
∑
i=1,A

eiκ·ri |�T 〉 , (83)

where |�T 〉, normalized as 〈�T |�T 〉 = 1, is the nuclear
ground state in the nuclear c.m. frame, and κ is related to t
by

−t = κ2 − ω2, (84)

with

ω =
√

κ2 + M2
T − MT . (85)

Here MT is the mass of the target nucleus T . Clearly, FT (t )
is related to the nuclear charge form factor Fc(q2) (with no
exchange current contribution) by

Fc(q2) = FN (q2)FT (q2 = t ), (86)

where FN (q2) is the nucleon charge form factor.

B. Cross sections including final-state interaction

Including the FSI term, the differential cross sections are
calculated as

dσ

d�Lab
= (2π )4|k|2EV (k)EA(q − k)

|EA(q − k)|k| + EV (k)(|k| − |q| cos θLab)|
× |AFT (t )t̄ (k, q) + T FSI(k, q, E )|2, (87)

where

T FSI (k, q, E ) =
∫

dk′TφA,φA(k, k′, E )

× AF (t ′)t̄ (k′, q)

E − EV (k′) − EA(q − k′) + iε
, (88)
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FIG. 8. Differential cross sections of γ p → φp without FSI at lower c.m. energies as functions of t ′ = |t | − |t |min. The blue dotted lines
are from the calculations including Pomeron exchange only. The black solid lines and the red dashed lines represent the full contribution with
and without N∗, respectively. The experimental data are from Ref. [53] (gray filled circles) and Ref. [60] (green filled squares).

with t ′ = (q − k′)2. It is most convenient to evaluate
tφA,φA(k, k′, E ) in the φA c.m. system, which leads to

TφA,φA(k, k′, E ) =
√

Eφ (κ)EA(−κ)

Eφ (k)EA(k + q)
TφA,φA(κ, κ′, E )

×
√

Eφ (κ′)EA(−κ′)
Eφ (k′)EA(k′ + q)

. (89)

Here, TφA,φA(κ, κ′, E ) is calculated as

TφA,φA(κ, κ′, E )

= UφA,φA(κ, κ′, E )

+
∫

dκ′′UφA,φA(κ, κ′′, E )
1

E − EV (κ′′) − EA(κ′′) + iε

× TφA,φA(κ′′, κ′, E ). (90)

VI. RESULTS

In this section, we present and discuss our numerical re-
sults for the cross sections of γ p → φp and γ 4He → φ 4He.

A. γ p → φp

With the Pomeron-exchange model determined from the
global fits to the total cross section data, as presented in
Sec. III A, we first adjust the parameters of the meson-
exchange and N∗ mechanisms to reproduce the CLAS
data of Ref. [53]. To simplify the fit of the N∗ parame-
ters, we use the relevant information from the results of
Ref. [28]. The resulting parameters are shown and discussed
in Sec. III D.

Our results on the differential cross sections of the γ p →
φp reaction are presented in Fig. 6. This shows that the full
results (black solid lines) of our model could explain the
differential cross-section data of Ref. [53] very well. The
Pomeron exchange (blue dotted lines) accounts for far forward
angle regions and begins to deviate from the data as cos θ

FIG. 9. Total cross sections of γ p → φp at low energies Eγ . (a) The red dashed and the blue dotted lines stand for the impulse and the
FSI terms, respectively. The solid black line indicates the full contribution. The experimental data are from Refs. [56] (open squares) and [57]
(open circles). (b) The individual contributions of the FSI terms.
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FIG. 10. Differential cross sections dσ/d cos θ of the γ p → φp reaction as functions of cos θ for different energies
√

s = (1.985–2.815)
GeV with and without the FSI effects. The red dashed and the blue dotted lines stand for the impulse and the FSI terms, respectively. The solid
black lines indicate the full contributions. The experimental data are from the CLAS Collaboration [53].

decreases. The inclusion of various meson exchanges to the
Pomeron exchange greatly enhances the results at cos θ �
0, as shown by green dot-dashed lines. The main meson-
exchange effects are due to the exchanges of scalar mesons,
i.e., a0 and f0 mesons. As shown by the red dashed lines, the
direct φ radiation term is weak in the near threshold regions
but becomes non-negligible as

√
s (=W ) increases at large

angles cos θ � −0.5. To reproduce the CLAS data more ac-
curately at 2.0 � √

s � 2.4 GeV and at large angles, we need
additional ingredients. We find that the N∗ excitations would
play crucial roles in describing the data in these regions.

Figure 7 depicts the total cross section as a function of Eγ ,
the photon energy in the laboratory frame. This shows that
the Pomeron-exchange (blue dotted line) is clearly the dom-
inant mechanism in the high-energy region, Eγ > 10 GeV.
However, in the near threshold region, the meson exchanges
(magenta dot-dashed-dashed) and N∗ excitations (green dot-
dashed) contribute sizable effects.

There are a few comments on φ photoproduction in low-
energy region. In Fig. 8, we present the experimental data
from Ref. [53] (gray filled circles) and from Ref. [60] (green
filled squares) at Eγ � 3.45 GeV. This manifestly shows the
inconsistency between these two data sets. In particular, the
data of Ref. [60] have bump structures at large t ′, while the
structure is not seen or reduced in the data of Ref. [53]. As
our model parameters are determined based on the data of
Ref. [53], the bump structure cannot be simply reproduced
by adjusting the meson exchanges and N∗ parameters in the
present approach. Clearly, the differences between these two
data sets need to be resolved before N∗ contributions can be
more rigorously determined.

B. γ p → φp with final-state interaction

With the model of the impulse approximation discussed in
the previous section, we now consider the FSI in this section.
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We present in Fig. 9(a) the result of the total cross sections of
γ p → φp with the FSI effects. The impulse terms (red dashed
lines) correspond to the full result in Fig. 7. The FSI effects
represented by blue dotted lines are suppressed by factors of
102–103 relative to the impulse terms in the considered photon
energy region. The full results are given by the black solid
lines, which are the sums of the impulse and FSI terms. This
reveals a destructive interference effect between them at Eγ �
2.4 GeV.

Figure 9(b) displays the individual contributions of the FSI
terms with the parameters determined in Sec. III. We find that
the dominant contribution comes from the gluon-exchange
interaction (red solid line) which is more than two orders of
magnitudes larger than the contributions of other FSI terms.
The φN potential arising from the box diagrams depends on
the cutoff parameters in the form factors. We choose �MB

and �′
MB in the range of the values used in the ANL-Osaka

analysis of πN and γ N reactions [23]. The contributions of
the box diagrams turn out to be rather weak. The K�-loop di-
agram (magenta long dashed line) is the dominant among the
considered four box diagrams. The model parameters of the
direct φN coupling term (black short dashed line) [Figs. 2(b)
and 2(c)] is determined from the φ radiation involved in the
impulse term [Figs. 3(c) and 3(d)] using their similarities. The
direct φN coupling contribution is comparable to the contribu-
tion of the K�-loop diagram near the threshold Eγ � 2 GeV
but falls off faster as Eγ increases.

In Fig. 10, we show the contributions from the FSI on
differential cross sections dσ/d cos θ as functions of cos θ .
The impulse model (red dashed lines) corresponds to the full
results of Fig. 6. This reveals that the FSI effects given by the
blue dotted lines are clearly weak compared with the impulse
terms over the whole scattering angles. Its shape is flat as a
function of cos θ near the threshold but becomes steeper as√

s increases.
For the gluon-exchange potential Vgluon =

−v0 exp(−αr)/r of Eq. (52), we use α = 500 MeV and
v0 = 0.2 which lie in the available ranges of 0.1 < v0 < 1.0
and 0.3 < α < 0.6 GeV. If we use a larger value for v0, the
full results (black solid lines) begin to deviate from the data
near the threshold because the FSI term is destructive with
the impulse term near the threshold region as indicated in
Fig. 9(a). Meanwhile, they interfere constructively at rather
high energies and at backward angles.

C. γ 4He → φ 4He

In this section, we consider φ photoproduction from the
4He targets with the model for γ p → φp constructed in the
present study. We first work with the model without FSI and
then present our results with FSI. Presented in Fig. 11 are our
results of differential cross sections dσ/dt at |t | = |t |min. In
this far forward region, the Pomeron-exchange contribution
(dotted line) dominates, which can be expected. If we keep
only Pomeron-exchange and meson-exchange terms in our
calculations, i.e., if we neglect the N∗ contributions, we obtain
the dashed line which somehow overestimates the experimen-
tal data [14]. Although the N∗ contributions (dash-dotted line)
are much weaker than the other mechanisms, inclusion of the
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FIG. 11. Differential cross sections dσ/dt at t = tmin as a func-
tion of Eγ for the reaction of γ 4He → φ 4He. The experimental data
are from the LEPS Collaboration [14].

N∗ results in a better description of the experimental data of
LEPS Collaboration [14] in the region of Eγ < 2.2 GeV as
shown by the solid line. This observation is ascribed to the
fact that the N∗ contributions interfere destructively with the
other terms. However, the structure shown by the experimental
data at Eγ � 2.2 GeV cannot be explained by our model
calculations with variation of parameters.

In Fig. 12, we show differential cross sections dσ/dt
as functions of t ′ ≡ |t | − |t |min for photon energies from
1.685 to 2.385 GeV. We find that, in this forward angle re-
gion, the slopes of the dominant Pomeron exchange (dotted
lines) match very well with the experimental data. The cal-
culated magnitudes of our full calculations (solid lines) are
also in a reasonable agreement with the data, indicating that
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FIG. 12. Differential cross sections dσ/dt of γ 4He → φ 4He as
functions of t ′ ≡ |t | − |t |min at 1.685 < Eγ < 2.385 GeV. The dotted
lines and the solid lines stand for the Pomeron and full contributions,
respectively. The experimental data are from Ref. [14].
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FIG. 13. Same as Fig. 12 but for a wider range of t ′ = |t | − |t |min.
The dotted lines and the solid lines stand for the Pomeron and full
contributions, respectively. The dot-dashed lines are from the N∗

contributions. The experimental data are from Ref. [14].

contributions from meson exchanges and N∗ contributions are
small in this far forward angle region. Their contributions
become more sizable, however, at larger scattering angles, as
shown in Fig. 13, which also shows differential cross sec-
tions for a wider range of t ′. The bump structures shown at
t ′ ≈ 0.4 GeV2 in Fig. 13 are due to the structure of the form
factor FT (t ) as seen in Eqs. (87) and (88). This structure could
be tested in a future experiment.

The results for φ photoproduction from the 4He targets
discussed so far are based on the impulse approximation for
γ p → φp. We also carry out the calculations with FSI and
our numerical results are presented in Fig. 14, which shows
the results up to t ′ = 3 GeV2. Here, we can see that the
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FIG. 14. Same as Fig. 13 but for a wider range of t ′ = |t | − |t |min.
The dotted lines are the results with impulse approximation and FSI
contributions are shown by the dashed lines. Their sums are given by
the solid lines. The experimental data are from Ref. [14].

FSI contributions (dotted lines) are very weak. This is not
surprising since the FSI effects are already very small for the
production of the φ meson on the proton target, as shown in
Fig. 10. Furthermore, it is further reduced by the nuclear form
factor F (q) in the optical potential defined in Eq. (78).

VII. SUMMARY AND CONCLUSION

In this work, we have investigated φ photoproduction on
nucleon targets and 4He targets based on the approach de-
veloped by the ANL-Osaka collaboration group [23]. The
starting point is to construct a Hamiltonian which describes
the mechanisms of φ photoproduction by the Pomeron-
exchange, meson-exchange, φ-radiation, and N∗-excitation
processes. The final φN interactions are described by the
gluon-exchange and the direct φN coupling as well as the box
diagram arising from the πN , ρN , K�, and K� channels.
The parameters of the Hamiltonian are determined by fitting
the data of γ p → φp [53]. The resulting Hamiltonian is then
used to predict the coherent φ production on the 4He targets
by using the distorted-wave impulse approximation.

For the proton target, we find that the Pomeron-exchange
contributions are dominant in the very forward angles and
the meson-exchange mechanisms are crucial in obtaining a
good fit to the experimental data in the large scattering angles,
where the N∗ excitations and φ radiation mechanisms are also
required to describe the data at the considered energy region.
The final φN rescattering effects, as required by the unitarity
condition, are found to be very weak and the model without
the FSI effects is enough to reasonably describe the data.

For the 4He target, the calculated differential cross sections
are in a very good agreement with the LEPS data [14] at low
energies and for forward-scattering angles. The FSI effects are
also found to be negligible because of the further suppression
originated from the nuclear form factor. The bump structures
predicted by the present work could be tested by future ex-
periments at a wider range of scattering angles. However,
the structure observed by the LEPS collaboration on dσ/dt
for the far forward region at Eγ ≈ 2.2–2.4 GeV could not
be explained by the present exploratory model and deserves
further studies both in experiment and in theory.

On the other hand, in the energy region considered, it
would be interesting to investigate the role of other higher en-
ergy meson-baryon channels, such as π�, ρ�, and K�∗, by
extending the present work. In addition, a full scale coupled-
channels calculation as what was done by the ANL-Osaka
Collaboration could be carried out to go beyond the box-
diagram approximations. Our efforts in these directions will
be reported elsewhere.
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