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Photoproduction of γ p → f0(980)p in an effective Lagrangian approach
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The most recent data on differential cross sections and photon beam asymmetries � from the LEPS2/BGOegg
Collaboration for the γ p → f0(980)p reaction are analyzed within a tree-level effective Lagrangian approach.
The t-channel ρ and ω exchanges, the u- and s-channel N exchanges, the interaction current, and the possible
s-channel N∗ exchanges are taken into account in constructing the reaction amplitudes to reproduce the data. The
results show that the contributions from either the N (2040)3/2+ or the N (2100)1/2+ resonance exchange in the
s channel are necessarily required to describe the LEPS2/BGOegg data and they dominate the differential cross
sections of γ p → f0(980)p. Further analysis shows that the contributions from the t-channel ρ and ω exchanges
and the interaction current are rather small to both differential cross sections and photo beam asymmetries, and
the contributions from u-channel N exchange are considerable in the case of including N (2040)3/2+ in the
model while negligible in the case of including N (2100)1/2+ in the model. Predictions of target asymmetries T
for γ p → f0(980)p are given, which can be examined by future experiments.
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I. INTRODUCTION

For a long time, our knowledge of the low mass scalar
mesons has been mainly coming from the hadron-induced
reactions by using hadronic probes such as π , p, or p̄ beams,
from the γ γ collisions, and from the decays of heavier mesons
such as φ, J/ψ , D, and B [1,2]. However, the situation has
changed significantly in the past 20 years as the experimental
technology advances in the electromagnetic accelerator facil-
ities, including the control and polarization of photon beams,
development of polarized gas and solid targets, construction
of large solid angle detectors, development of higher rate
data acquisition systems and of data analysis and statistical
techniques [3], have made the electromagnetic probes become
an effective and valuable tool for the investigation of conven-
tional and exotic mesons [2–15].

Stimulated by the most recent data on differential cross
sections and photon beam asymmetries � for the γ p →
f0(980)p reaction with f0(980) decaying into π0π0 released
by the LEPS2/BGOegg Collaboration [16], in the present
paper we focus on the analysis of the isoscalar scalar meson
f0(980) photoproduction.
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Experimentally, suffering from the dominance of vec-
tor meson photoproduction in the data sample, the data of
the f0(980) photoproduction is scarce. Thanks to the high-
intensity and high-quality tagged-photon beams produced at
the Thomas Jefferson National Accelerator Facility, the CLAS
Collaboration has reported data on differential cross sec-
tions for γ p → f0(980)p at one photon beam energy point
around Eγ ≈ 3.4 GeV with relative low statistics [2,12,13].
Since the CLAS detector is optimized for exclusive meson
photoproduction with charged mesons in the final states,
the CLAS measurements of the f0(980) photoproduction
have been performed by detecting the f0(980) decaying
into π+π− or K+K−. Most recently, the LEPS2/BGOegg
Collaboration released the data on differential cross sec-
tions and photon beam asymmetries � for photoproduction
of the f0(980) meson decaying into π0π0 at energies from
the reaction threshold up to Eγ ≈ 2.4 GeV [16]. Since the
vector meson cannot decay into π0π0, the LEPS2/BGOegg
measurements of the f0(980) photoproduction are free from
the influence of the large contributions from the ρ photo-
production and the so-called S-P interference [16]. What’s
more, the LEPS2/BGOegg measurements of the polarization
observable � can provide additional constraints on the phe-
nomenological models for the f0(980) photoproduction and
thus help to understand more reliably the production mecha-
nisms of the f0(980) meson.

Theoretically, the pioneering CLAS data [2,12,13] for
γ p → f0(980)p have been analyzed by several works based
on Regge models and/or effective Lagrangian approaches.
In Ref. [17], the γ p → f0(980)p reaction was analyzed in
a Regge model with distinct scenarios for the f0(980) →
V γ decay process being considered. It was shown that the
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radiative decay rates for f0(980) → V γ are important in the-
oretical predictions. In Ref. [18], the γ p → f0(980)p reaction
was analyzed based on a previous Regge-pole model for the
π0 photoproduction [19] by further taking into account the
Regge cuts, and the authors concluded that the results indicate
strongly the presence of the KK̄ molecular component in
f0(980). In Ref. [20], the photoproduction of f0(980) was
analyzed by using an effective Lagrangian approach with the
t-channel amplitude being constructed by replacing the Feyn-
man propagator with the Regge propagator for ρ exchange
to describe the CLAS data [2,12]. In Ref. [21], the f0(980)
photoproduction was analyzed in the reaction threshold re-
gion within an effective Lagrangian approach with both the
t-channel ρ and ω exchanges being taken into account to
reproduce the CLAS data [2,12,13]. In addition, the f0(980)
photoproduction has also been investigated in a coupled chan-
nel analysis of the S-wave ππ and KK̄ photoproduction in
Ref. [22] and in ππ p, πηp, and KK̄ p channels to examine
the a0(980)- f0(980) mixing in Ref. [23].

In the present paper, we construct a theoretical model
to analyze the recently released LEPS2/BGOegg data for
γ p → f0(980)p [16] based on a tree-level effective La-
grangian approach. The major object is to understand the
reaction mechanisms of the f0(980) photoproduction and to
learn the information about possible N∗’s exchanged in the s
channel of this reaction. Note that, as mentioned above, the
LEPS2/BGOegg data cover a much wider energy range, i.e.,
from threshold up to Eγ ≈ 2.4 GeV, than the CLAS data that
are measured at only one energy point around Eγ ≈ 3.4 GeV.
Moreover, the LEPS2/BGOegg Collaboration also provides
data on photon beam asymmetries � in addition to the differ-
ential cross sections. The present paper presents theoretical
analysis of the recently reported LEPS2/BGOegg data on
both differential cross sections and photon beam asymmetries
for γ p → f0(980)p, and is expected to achieve more reliable
theoretical results and a better understanding of the reaction
mechanisms of γ p → f0(980)p.

The paper is organized as follows. In Sec. II, we introduce
the basic formalism of our theoretical model by giving the
explicit expressions of the Lagrangians for the interaction ver-
tices, the resonance propagators, and the phenomenological
form factors. The model results are shown and discussed in
detail in Sec. III. A brief summary and the conclusions of the
present paper are given in Sec. IV.

II. FORMALISM

For convenience of discussion, we express the reaction of
interest as follows:

γ (k) + p(p) → f0(980)(q) + p(p′). (1)

Here, the arguments k, p, q, and p′ in parentheses stand
for the corresponding four momenta of the initial and final
particles. The Mandelstam variables s, t , and u are defined
as usual: t ≡ (p − p′)2 = (k − q)2, s ≡ (p + k)2 = (q + p′)2,
u ≡ (p − q)2 = (p′ − k)2.

In the present paper, we perform an analysis of the most
recent LEPS2/BGOegg data for the γ p → f0(980)p reac-
tion within a tree-level effective Lagrangian approach. As
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FIG. 1. Generic structure of the amplitude for γ N → f0(980)N .
Time proceeds from left to right.

diagrammatically depicted in Fig. 1, we consider the follow-
ing reaction mechanisms to construct the reaction amplitudes
for γ p → f0(980)p: (a) the s-channel N and N∗ exchanges,
(b) the t-channel ρ and ω exchanges, (c) the u-channel N
exchange, and (d) the interaction current. In principle, the
u-channel N∗ exchange should also be considered, which will
cause an additional parameter to the model, i.e., the cutoff
parameter in the form factor. We have checked and found
that the contributions from the u-channel N∗ exchange are
rather small and have negligible effects on both fit qualities
and the values of extracted parameters. Thus, this dynamics
is not included in the present paper. According to Fig. 1, the
transition current Mμ can be written as [24–27]

Mμ ≡ Mμ
s + Mμ

t + Mμ
u + Mμ

int, (2)

with μ denoting the Lorentz index of the photon field. Mμ
s ,

Mμ
t , and Mμ

u represent the transition currents calculated from
the s-, t-, and u-channel diagrams, respectively. The explicit
expressions of Mμ

s , Mμ
t , and Mμ

u can be straightforwardly
obtained from the effective Lagrangians, propagators, and
form factors given below. The last term in Eq. (2), Mμ

int, is
the interaction current term, which stands for the contribu-
tions calculated from the diagrams that do not have s-, t-,
or u-channel poles and is responsible for preserving gauge
invariance of the full reaction amplitudes. In the present paper,
we follow Refs. [25,27] to model the interaction current Mμ

int
by a generalized contact current

Mμ
int = 
NN f0(980)(q)Cμ, (3)

with 
NN f0(980)(q) standing for the vertex function of the
NN f0(980) interaction obtained from the Lagrangian of
Eq. (9). The auxiliary current Cμ is introduced to ensure that
the total reaction amplitude of γ p → f0(980)p satisfies the
generalized Ward-Takahashi identity and thus is fully gauge
invariant. Following Refs. [24–27], the prescription for Cμ for
the γ p → f0(980)p reaction can be written as

Cμ = −Qu
fu − F̂

u − p′2 (2p′ − k)μ − Qs
fs − F̂

s − p2
(2p + k)μ, (4)

with Qu and Qs being the charges of the nucleon exchanged in
the u channel and s channel, respectively. The expression of
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F̂ in Eq. (4) is

F̂ = 1 − ĥ(1 − fu)(1 − fs), (5)

where fu and fs are the phenomenological form factors at-
taching to the amplitudes of the N exchanged in the u and s
channels, respectively. ĥ is set to be 1 for simplicity as usual
[28,29].

A. Effective Lagrangians

The explicit expressions of the effective Lagrangians for
the interaction vertices are given in this subsection. For the
sake of simplicity, the notation f0 is used to stand for f0(980)
and we define the following operators:


(+) = γ5 and 
(−) = 1, (6)

and the field-strength tensor of the photon field Aμ:

Fμν = ∂μAν − ∂νAμ. (7)

To calculate the amplitudes of the s- and u-channel N
exchanges, we use the following Lagrangians:

Lγ NN = − eN̄

[(
êγ μ − κ̂N

2MN
σμν∂ν

)
Aμ

]
N, (8)

LNN f0 = gNN f0 N̄N f0, (9)

with e being the elementary charge unit and ê representing the
charge operator acting on the N field. κ̂N ≡ κpê + κn(1 − ê) is
the anomalous magnetic moment with κp = 1.793 for proton
and κn = −1.913 for neutron. Since both the experimental
and theoretical information on the coupling constant gNN f0 are
scarce, its value will be determined by adjusting to reproduce
the available data for γ p → f0(980)p.

The following Lagrangians are employed to calculate the
amplitudes of the t-channel ρ and ω exchanges:

LωNN = − gωNN N̄

(
γ μ − κω

2MN
σμν∂ν

)
ωμN, (10)

Lγ f0ω = egγ f0ω

2Mω

∂μAν (∂μων − ∂νωμ) f0, (11)

LρNN = − gρNN N̄

(
γ μ − κρ

2MN
σμν∂ν

)
�τ · �ρμN, (12)

Lγ f0ρ = egγ f0ρ

2Mρ

∂μAν (∂μρν − ∂νρμ) f0. (13)

Here, the coupling constants gωNN = 15.85, κω = 0, gρNN =
3.36, and κρ = 6.1 are taken from Ref. [21]. The constants
gγ f0ω = 0.58 and gγ f0ρ = 0.61 are calculated from the partial
decay widths of 
 f0→ωγ = 6.6 keV and 
 f0→ργ = 7.3 keV
obtained in Ref. [30].

To calculate the amplitudes of the s-channel N∗ exchanges,
we use the following Lagrangians for the electromagnetic

interaction vertices:

L1/2±
RNγ = e

g(1)
RNγ

2MN
R̄
(∓)σμν (∂νAμ)N + H.c., (14)

L3/2±
RNγ = − ie

g(1)
RNγ

2MN
R̄μγν


(±)FμνN

+ e
g(2)

RNγ

(2MN )2 R̄μ
(±)Fμν∂νN + H.c., (15)

L5/2±
RNγ = e

g(1)
RNγ

(2MN )2
R̄μαγν


(∓)(∂αFμν )N

± ie
g(2)

RNγ

(2MN )3 R̄μα
(∓)(∂αFμν )∂νN + H.c., (16)

L7/2±
RNγ = ie

g(1)
RNγ

(2MN )3
R̄μαβγν


(±)(∂α∂βFμν )N

− e
g(2)

RNγ

(2MN )4
R̄μαβ
(±)(∂α∂βFμν )∂νN + H.c., (17)

and use the following Lagrangians for the hadronic interaction
vertices:

L1/2±
RN f0

= −igRN f0 N̄
(∓) f0R + H.c., (18)

L3/2±
RN f0

= ∓gRN f0

M f0

N̄
(±)(∂α f0)Rα + H.c., (19)

L5/2±
RN f0

= i
gRN f0

M2
f0

N̄
(∓)(∂α∂β f0)Rαβ + H.c., (20)

L7/2±
RN f0

= ±gRN f0

M3
f0

N̄
(±)(∂α∂β∂γ f0)Rαβγ + H.c.. (21)

In Eqs. (14)–(21), R represents the N∗ resonances and the
superscript of L denotes the spin and parity of the resonance
R. In our tree-level calculation in the present paper, the model
results are only sensitive to the products of hadronic coupling
constant gRN f0 and the electromagnetic coupling constants
g(i)

RNγ (i = 1, 2). If the helicity amplitudes of R → Nγ are
available in the Review of Particle Physics (RPP) [1], they
will be used to calculate the corresponding electromagnetic
coupling constants. Otherwise, the products of the hadronic
coupling constant and electromagnetic coupling constants
will be determined by fitting to the available data of γ p →
f0(980)p.

B. Resonance propagators

By defining

g̃μν = − gμν + pμ pν

M2
R

, (22)

γ̃μ = − γμ + pμ p/

M2
R

, (23)

the propagators of the resonances with spin 1/2, 3/2,
5/2, and 7/2 employed in the present paper adopt the
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following prescriptions [28]:

S1/2(p) = i

p/ − MR + i
R/2
, (24)

S3/2(p) = i

p/ − MR + i
R/2

(
g̃μν + 1

3
γ̃μγ̃ν

)
, (25)

S5/2(p) = i

p/ − MR + i
R/2

[
1

2
(g̃μα g̃νβ + g̃μβ g̃να )

− 1

5
g̃μν g̃αβ + 1

10
(g̃μαγ̃ν γ̃β + g̃μβγ̃ν γ̃α

+ g̃ναγ̃μγ̃β + g̃νβ γ̃μγ̃α )

]
, (26)

S7/2(p) = i

p/ − MR + i
R/2

1

36

∑
PμPν

(
g̃μ1ν1 g̃μ2ν2 g̃μ3ν3

− 3

7
g̃μ1μ2 g̃ν1ν2 g̃μ3ν3 + 3

7
γ̃μ1 γ̃ν1 g̃μ2ν2 g̃μ3ν3

− 3

35
γ̃μ1 γ̃ν1 g̃μ2μ3 g̃ν2ν3

)
, (27)

where MR and 
R denote the mass and width for the resonance
R with four-momentum p, respectively. The summation over
Pμ (Pν ) in Eq. (27) goes over all the 3! = 6 possible permuta-
tions of the indices μ1μ2μ3 (ν1ν2ν3).

We mention that the Rarita-Schwinger prescriptions of
resonance propagators, i.e., Eqs. (25)–(27), have the prob-
lem of consisting unphysical components with lower spins,
as discussed in Refs. [31–34]. This issue might be resolved
if the interaction vertices could be constructed in a proper
form with a consistent interaction. A pure spin-3/2 propagator
with consistent interaction Lagrangians was investigated in
Ref. [34], where it was shown that for the total cross sec-
tions of πN photoproduction, the pure spin-3/2 propagator
with consistent interaction Lagrangians and the prescription
of Rarita-Schwinger yield similar structures for s-channel
� contribution. In the present paper, the Rarita-Schwinger
prescription is employed for resonance propagators as an eco-
nomic and convenient approximation. A serious treatment of
the propagators of resonances with high spins as well as the
associated consistent interactions will be done in our future
work when more data for this reaction becomes available.

C. Form factors

In actual calculations, a phenomenological form factor
is introduced at each hadronic vertex. In accordance with
Refs. [27–29], for the t-channel meson exchanges we employ
the following form factor:

fM (q2
M ) =

(
�2

M − M2
M

�2
M − q2

M

)2

, (28)

with �M being the cutoff parameter for the t-channel meson
exchange diagrams, MM and qM denoting the mass and four-
momentum of the intermediate meson, respectively. For the s-
and u-channel baryon exchanges, the form factor employed in
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FIG. 2. Differential cross sections for γ p → f0(980)p with
f0(980) decaying into π 0π 0 obtained by considering only the t-
channel amplitudes of the ρ and ω exchanges (�M = 1070 MeV)
[21]. The quantities in square brackets are the ranges, where the data
were measured, of the center-of-mass energy of the system, in MeV.
Data are taken from the LEPS2/BGOegg Collaboration [16] for the
two event-selection conditions with (squares) and without (circles)
requirement of the N∗ cuts.

the present paper is [27–29]

fB
(
p2

x

) =
(

�4
B

�4
B + (

p2
x − M2

B

)2

)2

, (29)

with �B being the cut off parameter for s- and u-channel
baryon exchange diagrams, and MB and px (x = s, u) denoting
the mass and four-momentum of the exchanged baryon in the
s or u channels, respectively. In the present paper, the values
of �M and �B will be determined by the available data for
γ p → f0(980)p.

D. Differential cross section

The CLAS and LEPS2/BGOegg Collaborations have mea-
sured the cross sections for the γ p → f0(980)p reaction with
f0(980) decaying into the KK̄ or ππ channels. The signal
cross section of γ p → f0(980)p with f0(980) decaying into
a certain final state i can be calculated via [18]

dσ

d� dM
= dσ0(M )

d�

2M2
f0

π


i(M )(
M2

f0
− M2

)2 + M2
2
f0

. (30)

Here, dσ0(M )/d� is the so-called narrow-width differential
cross section at a scalar mass M. For a given value of M,
dσ0(M )/d� can be calculated as the on-shell cross section for
γ p → f0(980)p with an on-shell mass M for f0(980). In
Eq. (30), M f0 = 990 MeV is the mass of f0(980) and 
i is
the partial decay width for f0(980) → KK or f0(980) → ππ .
M is the invariant mass of KK or ππ which is measured in
experiments.

III. RESULTS AND DISCUSSION

The CLAS data on differential cross sections for γ p →
f0(980)p [2,12,13] were conducted at photon beam energy
Eγ ≈ 3.4 GeV that corresponds to center-of-mass energy
W ≈ 2.7 GeV. In Ref. [21], these data were analyzed within
an effective Lagrangian model. It was shown that the CLAS
data can be reproduced by considering only the t-channel ρ

and ω exchanges with a cutoff value �M = 1070 MeV.
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TABLE I. χ 2/N evaluated for the inclusion of one nucleon resonance in the s channel.

N (2000)5/2+ N (1990)7/2+ N (2040)3/2+ N (2060)5/2− N (2100)1/2+ N (2120)3/2− N (2190)7/2− N (2300)1/2+ Born

7.08 5.61 2.82 5.59 3.02 5.01 12.82 3.88 14.40

The LEPS2/BGOegg data on both differential cross sec-
tions and photon beam asymmetries for γ p → f0(980)p [16]
were measured from threshold up to photon beam energy
Eγ ≈ 2.4 GeV (W ≈ 2.3 GeV). The contributions from t-
channel ρ and ω exchanges are rather small in this energy
region, as shown in Fig. 2. One sees from this figure that the
data are much underestimated if only the t-channel interaction
is considered, indicating that the contributions from other
reaction mechanisms are still needed. We have checked and
found that, even if we further included the contributions from
the u- and s-channel N exchanges and the interaction current,
the model is still far from being sufficient to describe the
data. In this situation, we further considered in the model the
possible contributions from N∗ exchanges in the s channel.

In RPP [1], there are seven nucleon resonances with
spin J � 7/2 lying above the reaction threshold of
γ p → f0(980)p, namely, the N (2000)5/2+, N (1990)7/2+,
N (2040)3/2+, N (2060)5/2−, N (2100)1/2+, N (2120)3/2−,
N (2190)7/2−, and N (2300)1/2+ resonances. Since we have
no clear reason to discard one resonance in favor of the other,
we treat these resonances equally by including them one by
one in the s channel to reproduce the data. The information
on the helicity amplitudes of these resonances is scarce, and
there is no information for their decays into f0(980)p channel
either. Thus, we treat these quantities as parameters in the
fitting procedure. For the decay ratio of f0(980) → ππ , we
take the average value of 0.52, 0.75, and 0.84 obtained in
Refs. [35–37] as cited in RPP [1]. The resulting χ2 per degree
of freedom, χ2/N , with N = 38, for the inclusion of each of
those seven nucleon resonances are listed in Table I.

The last column in Table I represents the χ2/N eval-
uated from the Born term where no resonance exchange
in the s channel is included in the model. One can see that
the inclusion of N∗ in the model can significantly improve
the theoretical description of the LEPS2/BGOegg data for
γ p → f0(980)p. The three best results are obtained by in-
cluding the N (2040)3/2+, N (2100)1/2+, and N (2300)1/2+
resonances with χ2/N = 2.82, 3.02, and 3.88, respectively.
The fits of including other resonances have much larger χ2/N
and the corresponding results are not in agreement with the
data. These fits are thus not considered as acceptable.

In Fig. 3, we show the comparison of our results of pho-
ton beam asymmetries for γ p → f0(980)p obtained with the
inclusion of each of the N (2040)3/2+, N (2100)1/2+, and
N (2300)1/2+ resonances. One can see that there are notice-
able discrepancies between the results obtained by inclusion
of the N (2300)1/2+ resonance with the data. Therefore,
we will discuss only the results obtained by including the
N (2040)3/2+ or N (2100)1/2+ resonance. We denote the
model with N (2040)3/2+ as model I and the model with
N (2100)1/2+ as model II. The corresponding parameters of
these two models are listed in Table II. Note that the cutoff
value of t-channel ρ and ω exchanges is taken from Ref. [21],

where the value �M = 1070 MeV is determined by fitting
the CLAS differential cross-section data at Eγ ≈ 3.4 GeV.
We have checked that at this energy point the contributions
from other interacting diagrams are negligible. This means
that our results presented in this paper, even fitted to the
LEPS2/BGOegg data at lower energies, can reproduce the
CLAS data equally well as shown in Ref. [21]. We don’t
repeat this plot here.

We remark that adding a second or even more resonances in
addition to either N (2040)3/2+ or N (2100)1/2+ to the model
will definitely improve the theoretical description of data as
more adjustable parameters will be introduced. Nevertheless,
as the available data for γ p → f0(980)p are rather limited,
considering more resonances in the model will result in too
many fits with similar χ2/N and large error bars for the
fitting parameters. One is then not able to draw any conclusive
conclusion about the resonance contents in γ p → f0(980)p.
Therefore, we postpone the analysis of adding two or more
resonances to the model until more data for γ p → f0(980)p
become available in the future.

We now come to the detailed discussion of the results
obtained from model I. The differential cross sections and
the photon beam asymmetries � are shown in Figs. 4 and 5,
respectively. We note that the LEPS2/BGOegg data [16] have
been measured by two methods, with or without requirement
of the N∗ cuts, and the difference between the two resulting
data sets is modest compared with the evaluated statistical and
systematic uncertainties [16].

In Fig. 4, the contributions from the individual terms of
the t-channel ρ and ω exchanges, the s-channel N (2040)3/2+
exchange, and the u-channel N exchange are also shown.
The contributions from the s-channel N exchange and the
interaction current are too small to be clearly seen with the
scale used and they are not plotted. We can see from Fig. 4 that
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FIG. 3. Photon beam asymmetries � for γ p → f0(980)p ob-
tained by including one of the N (2040)3/2+ (blue solid lines),
N (2100)1/2+ (cyan dotted lines), and N (2300)1/2+ (red dashed
lines) resonances. The quantities in square brackets are the ranges,
where the data were measured, of the center-of-mass energy of the
system, in MeV. Data are taken from the LEPS2/BGOegg Collabo-
ration [16] for the two event-selection conditions with (squares) and
without (circles) requirement of the N∗ cuts.

025207-5



WEI, WANG, AND HUANG PHYSICAL REVIEW C 110, 025207 (2024)

 0

 10

 20

 30

 40

-1 -0.5  0  0.5 -1 -0.5  0  0.5  1

d
σ/

d
Ω

 [
n
b
/s

r]

cosθ

[1898−2110] [2110−2320]

FIG. 4. Differential cross sections (blue solid lines) for γ p →
f0(980)p with f0(980) decaying into π 0π 0 obtained from model I.
The cyan double-dot-dashed lines, red dotted lines, black dashed
lines, and green dot-dashed lines denote the individual contributions
from the t-channel ρ exchange, t-channel ω exchange, s-channel
resonance exchange, and u-channel N exchange, respectively. The
quantities in square brackets are the ranges, where the data were
measured, of the center-of-mass energy of the system, in MeV. The
data are the same as in Fig. 2.

the overall agreement of the model results with the data is rea-
sonable. The contributions from the s-channel N (2040)3/2+
exchange dominate the cross sections in the energy region of
the LEPS2/BGOegg measurements. Noticeable contributions
from the t-channel ρ and ω exchanges can be seen at forward
angles at the higher energy point. In addition, considerable
contributions from the u-channel N exchange can be seen at
the backward angles.

For the beam asymmetries � shown in Fig. 5, the effects
of the individual terms of the t-channel ρ and ω exchanges,
the s-channel N (2040)3/2+ exchange, and the u-channel N
exchange are calculated by switching off the corresponding
amplitudes in the full reaction amplitudes. One can see that
the full model results describe the data fairly well. The s-
channel N (2040)3/2+ exchange has very strong effect on
beam asymmetries. The t-channel ρ and ω have significant ef-
fects mainly at forward angles, and the u-channel N exchange
has significant effects mainly at backward angles. Effects from
the s-channel N exchange and the interaction current are very
small and not shown in Fig. 5.
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FIG. 5. Photon beam asymmetries (blue solid lines) � for γ p →
f0(980)p obtained from model I. The cyan double-dot-dashed lines,
red dotted lines, black dashed lines, and green dot-dashed lines
denote the results with the t-channel ρ exchange, t-channel ω ex-
change, s-channel resonance exchange, and u-channel N exchange
being switched off, respectively. The quantities in square brackets
are the ranges, where the data were measured, of the center-of-mass
energy of the system, in MeV. The data are the same as in Fig. 3.
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FIG. 6. Differential cross sections for γ p → f0(980)p with
f0(980) decaying into π 0π 0 obtained from model II. The quantities
in square brackets are the ranges, where the data were measured, of
the center-of-mass energy of the system, in MeV. Notations for lines
and data are the same as in Fig. 4.

The results obtained from model II are shown in Figs. 6
and 7 for the differential cross sections and beam asymmetries
�, respectively. Overall, the agreement of the model results
with the data is also reasonable. In Fig. 6, one can see that
the contributions from the s-channel N (2100)1/2+ exchange
dominate the cross sections of this reaction. As expected, the
contributions from the t-channel ρ and ω exchanges are the
same as the ones in model I. However, unlike the situation
in model I, the contributions from the u-channel N exchange
are now much smaller in model II. This is simply because the
fitted cutoff values �B = 958 and coupling constant |gNN f0 | =
2.08 obtained in model I are much larger than the correspond-
ing values �B = 800 MeV and |gNN f0 | = 0.65 obtained in
model II, as shown in Table II. The contributions from the
s-channel N exchange and the interaction current are too small
and they are not shown in Figs. 6. For the beam asymmetries
� shown in Fig. 7, we can see that the s-channel N (2100)1/2+
exchange has relatively stronger effects, and the t-channel ω

exchange has considerable effects at forward angles at the
higher energy point.

In Fig. 8, the predictions of the target asymmetries T at
W = 2004 MeV and W = 2215 MeV for γ p → f0(980)p ob-
tained from models I and II are shown. One sees the predicted
target asymmetries from these two models are quite different.
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FIG. 7. Photon beam asymmetries for γ p → f0(980)p obtained
from model II. The effects from individual contributions are cal-
culated by switching off the corresponding amplitudes in the full
reaction amplitudes. The quantities in square brackets are the ranges,
where the data were measured, of the center-of-mass energy of the
system, in MeV. Notations for lines and data are the same as in Fig. 5.
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FIG. 8. Predictions of target asymmetries T for γ p → f0(980)p
from model I (blue solid lines) and model II (cyan dotted lines).

Data from future experiments on this observable are called on
to distinguish models I and II for the γ p → f0(980)p reaction.

In brief, by including the contributions from either the
N (2040)3/2+ or N (2100)1/2+ resonances, the data from the
LEPS2/BGOegg Collaboration [16] on both the differential
cross sections and the photon beam asymmetries for γ p →
f0(980)p can be well reproduced. In both cases, contribu-
tions from the individual reaction mechanism are discussed
and predictions of the beam-target asymmetry are given to
examine the models.

IV. SUMMARY AND CONCLUSION

The data from the LEPS2/BGOegg Collaboration [16] on
differential cross sections and photon beam asymmetries for
the γ p → f0(980)p reaction are analyzed within a tree-level
effective Lagrangian approach. The theoretical model is con-
structed by considering the contributions from the t-channel
ρ and ω exchanges, the u- and s-channel N exchanges,
the interaction current, and the s-channel N (2040)3/2+ or
N (2100)1/2+ resonance exchange mechanisms. The contri-
butions from the s-channel N (2040)3/2+ or N (2100)1/2+
resonance exchange are found to dominate the differential
cross sections and have significant effects on the photon beam

TABLE II. Fitted values of model parameters. The asterisks be-
low the resonance names denote the overall rating of each resonance
evaluated by RPP [1]. The numbers in brackets below the resonance
mass and width represent the corresponding values estimated by RPP
[1].

Model I Model II

gNN f0 −2.08 ± 0.50 0.65 ± 0.35
�B [MeV] 958 ± 11 800 ± 15

N∗ Name N (2040)3/2+ N (2100)1/2+

∗ ∗ ∗ ∗
MR [MeV] 2038 ± 1 2088 ± 2

[2050 − 2150]

R [MeV] 350 ± 15 320 ± 56

[200 − 320]
gRN f0 g(1)

RNγ −8.83 ± 0.09 0.53 ± 0.05
gRN f0 g(2)

RNγ −5.60 ± 0.11

asymmetries in the energy region considered. The contribu-
tions from the u-channel N exchange are considerable in the
case of including N (2040)3/2+ while negligible in the case
of including N (2100)1/2−. Predictions of the target asym-
metries T for γ p → f0(980)p in both models with either
N (2040)3/2+ or N (2100)1/2− resonance are given, which is
expected to be examined by future experiments.
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