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The production of the f1ð1285Þ resonance in the reaction of γp → f1ð1285Þp is investigated within a
Regge-effective Lagrangian approach. Besides the contributions of the t-channel ρ and ω trajectories
exchanges, we also take into account the contributions of s-=u-channel Nð2300Þ terms, s-=u-channel
nucleon terms, and the contact term. By fitting to the CLAS data, we find that the s-channel Nð2300Þ term
plays an important role in this reaction. We predict the total cross section for this reaction and find a clear
bump structure around W ¼ 2.3 GeV, which is associated with the Nð2300Þ state. The reaction of
γp → f1ð1285Þp could be useful to further study the Nð2300Þ experimentally.
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I. INTRODUCTION

It has been known since the 1970s that the nucleon is a
bound state of three valence quarks. Many nucleon reso-
nances, referred to as N�, have been observed [1]; the
properties of nucleon resonances are the important issues in
hadron physics and attract lots of attention [2–4]. For the
nucleon resonances with masses below 2 GeV, their
properties have been widely investigated in the literature.
However, the current knowledge on the properties of
excited nucleon states with masses above 2 GeV is scarce.
On the other hand, many missing N� s, predicted by the
constituent quark models, have not yet been found [5].
Recently, the CLAS Collaboration measured the

f1ð1285Þ meson for the first time in photoproduction from
a proton target and presented the f1ð1285Þ differential
photoproduction cross section into ηπþπ− final states from
the threshold up to a c.m. energy of W ¼ 2.8 GeV [6]. A
cross section comparison for γp → η0ð958Þp → ηπþπ−p
and γp → f1ð1285Þp → ηπþπ−p at W ¼ 2.55 GeV in
Fig. 10 of Ref. [6] shows that the η0ð958Þ cross section
exhibits much stronger t- and u-channel signatures in the
angle dependence than does the one of f1ð1285Þ, which is
quite flat. This may imply that the f1ð1285Þ photopro-
duction mechanism is not dominated alone by t-channel
production processes.
Before the experimental study on γp → f1ð1285Þp [6],

there were several theoretical works on this reaction.
Within the Regge model, considering the exchanges of
t-channel ρ and ω trajectories, Kochelev et al. calculated
the differential cross sections of γp → f1ð1285Þp [7].
Comparison of the Regge-model calculations and the
CLAS data shows the t-channel production process alone

does not reproduce the CLAS measurements. Within a
model motivated by Chern-Simons-term-induced inter-
actions in holographic QCD, Domokos et al. [8] predicted
the differential cross sections of γp → f1ð1285Þp. The
predictions of Ref. [8] are much smaller than the CLAS
data, even in the most forward region. Based on the
effective-Lagrangian approach with tree-level ρ and ω
exchanges in the t-channel [9], Huang et al. presented
the differential cross sections as shown in Fig. 12 of
Ref. [6]. The results of Huang et al. are also much smaller
than the CLAS data. In order to describe the CLAS data,
further model calculations are needed.
The differences between these model predictions and the

CLAS data suggest that the s-channel intermediate baryon
resonances may play an important role in the reaction of
γp → f1ð1285Þp. That is to say, the decay of the excited
N� intermediate states may be important, as pointed out by
the CLAS Collaboration [6]. The reaction of γp →
f1ð1285Þp filters the nucleon resonances with isospin I ¼
1=2 and provides a natural mode to investigate the higher
excited nucleon resonance with a mass above 2.2 GeVand a
sizeable coupling to the final states f1ð1285Þp.
Among the possible nucleon resonances N� [Nð2220Þ

9=2þ, Nð2250Þ 9=2−, Nð2300Þ 1=2þ],1 the Nð2300Þ can
couple to the f1ð1285Þp in the S wave, while the other two
states Nð2220Þ and Nð2250Þ couple to the f1ð1285Þp in
the F and E waves, respectively. is expected that the
contributions of E and F waves would be strongly sup-
pressed. Thus, we will consider the state Nð2300Þ as the
intermediate state in the γp → f1ð1285Þp reaction.
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1According to the PDG [1], there are three N� [Nð2220Þ 9=2þ,
Nð2250Þ 9=2−,Nð2300Þ 1=2þ] in the mass range of 2.2–2.5 GeV.
The differential cross sections of γp → f1ð1285Þp above
W ¼ 2.5 GeV are very forward, which should be dominated
by the t-channel mesons exchanges; as shown in Fig. 12 of
Ref. [6], the s-channel nucleon resonances with masses above
2.55 GeV are not expected to give the dominant contributions.
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In the present work, we shall study the reaction of
γp → f1ð1285Þp within the Regge-effective Lagrangian
approach by considering the t-channel ρ and ω trajectories
exchanges, the s-=u-channel Nð2300Þ resonance mecha-
nisms, the s-=u-channel nucleon terms, and the contact
term.
Experimental information of the two-star2 Nð2300Þ is

very scarce [1]. Until now, it was observed only in the
decay of ψð3686Þ → pN̄�ðp̄N�Þ → pp̄π0ðp̄pπ0Þ by the
BESIII Collaboration, and its mass and width have been
determined to be 2300þ40

−30 MeV and 340� 30 MeV,
respectively [10]. Searching for the Nð2300Þ state in other
processes, for instance the photoproduction, could be
useful for providing more information about the properties
of the Nð2300Þ state. As an isospin 1=2 filter process,
the γp → f1ð1285Þp is a potential mode to study the
Nð2300Þ state.
This paper is organized as follows. In Sec. II, we discuss

the formalism and the main ingredients of the Regge-
effective Lagrangian approach. In Sec. III, the results and
discussions are presented. Finally, a short summary is given
in Sec. IV.

II. FORMALISM AND INGREDIENTS

A. Feynman amplitudes

For the process γp → f1ð1285Þp, we will take into
account the basic tree-level Feynman diagrams depicted in
Fig. 1, where the t-channel ρ and ω exchanges, the s- and
u-channel Nð2300Þ terms, the s- and u-channel nucleon
terms, and the contact term are considered. The relevant
effective Lagrangians of the vertices are given as [7,8,11,12].

LVNN ¼ gVNN ψ̄NγμψNVμ þ gTV
2MN

ψ̄NσμνψNVμν; ð1Þ

LγVf1 ¼ gγVf1q
2
Vϵμναβϵ

ν
Vξ

βϵαγp
μ
1; ð2Þ

LγNN� ¼ egγNN�

2MN
ψ̄N�σμν∂νAμψN þ H:c:; ð3Þ

Lf1NN� ¼ gf1NN� ψ̄N�γ5σμν∂νfμ1ψN þ H:c:; ð4Þ

LγNN ¼ −eψ̄N�

�
γμAμ −

κN
2MN

σμν∂νAμ

�
ψN þ H:c:; ð5Þ

Lf1NN ¼ gf1NNψ̄N�γμγ5f1μψN þ H:c:; ð6Þ

where Vμν ¼ ∂μVν − ∂νVμ, fμ1 is axial-vector meson
f1ð1285Þ field, and Aμ and Vμ are the electromagnetic
field and the vector meson (ρ or ω) field, respectively. qV is

the momentum of the exchanged vector meson, and
piði ¼ 1; 2; 3; 4Þ are the 4-momentum of the initial or final
state, as shown in Fig. 1. ϵV , ξ, and ϵγ are the polarizations
of the vector meson in the t-channel, f1ð1285Þ, and the
photon, respectively.
The numerical values of the coupling constants are taken

from Ref. [13]:

gTω ¼ 0; ð7Þ

gTρ=gρNN ¼ κρ ¼ 6.1: ð8Þ

Since the hadrons are not pointlike particles, we need to
include the form factors to describe the off-shell effects. We
adopt here the form factors used in many previous works:

FN� ðq2Þ ¼ Λ4
N�

Λ4
N� þ ðq2 −M2

N�Þ2 ; ð9Þ

FNðq2Þ ¼
Λ4
N

Λ4
N þ ðq2 −M2

NÞ2
; ð10Þ

FVNNðq2Þ ¼
Λ2
t −M2

V

Λ2
t − q2

; ð11Þ

(a) (b)

(c) (d)

FIG. 1. Feynman diagrams for the γp → f1ð1285Þp reaction:
(a) the t-channel ρ and ω exchanges, (b) the s-channel Nð2300Þ
and proton terms, (c) the u-channel Nð2300Þ and proton terms,
and (d) the contact term.

2According to the PDG [1], the existence evidence of the
baryon states with two stars is only fair.
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FVf1γðq2Þ ¼
�
Λ2
t −M2

V

Λ2
t − q2

�
2

: ð12Þ

These form factors are similar to those used in
Refs. [14,15], and the same cutoff Λt is used for the vertices
of VNN and Vf1γ.
Then, according to the Feynman rules, the scattering

amplitudes for the γp → f1ð1285Þp reaction can beobtained
straightforwardly with the above effective Lagrangians,

Ms
N� ¼ egγNN�gf1NN�

2MN
FN� ðq2sÞūðp4; s4Þγ5ðpν

3 − p3γ
νÞ

×GN� ðq2sÞðpμ
1 − p1γ

μÞuðp2; s2Þ
× εμðp1; s1Þξ�νðp3; s3Þ; ð13Þ

MN�
u ¼ egγNN�gf1NN�

2MN
FN� ðq2uÞūðp4; s4Þðpμ

1 − p1γ
μÞ

×GN� ðq2uÞγ5ðpν
3 − p3γ

νÞuðp2; s2Þ
× εμðp1; s1Þξ�νðp3; s3Þ; ð14Þ

MN
s ¼ egf1NNFNðq2sÞūðp4; s4Þγνγ5GNðq2sÞ

×

�
γμ −

κN
4MN

ðγμp1 − p1γ
μÞ
�
uðp2; s2Þ

× εμðp1; s1Þξ�νðp3; s3Þ; ð15Þ

MN
u ¼ egf1NNFNðq2uÞūðp4; s4Þ

×

�
γμ −

κN
4MN

ðγμp1 − p1γ
μÞ
�
GNðq2uÞγνγ5

× uðp2; s2Þεμðp1; s1Þξ�νðp3; s3Þ; ð16Þ

MV
t ¼ −gVNNgγVf1FVNNðq2t ÞFVf1γðq2t Þūðp4; s4Þ

×

�
γσ −

κρ
2MN

ðγσqV − qVγσÞ
�
uðp2; s2Þ

×Gσνðq2t Þq2Vϵμναβpμ
1ϵ

αðp1; s1Þξ�βðp3; s3Þ; ð17Þ

where qs ¼ p1 þ p2, qu ¼ p2 − p3, and qt ¼ p1 − p3.GN�

andGN are the propagators for theN� and proton, andGσν is
the propagator for the ρ or ω meson. We also define gN� ≡ffiffiffiffiffiffi
4π

p
gγNN� × gf1NN� and gt ≡ gVNN × gγVf1 for convenience.

With the SU(3) invariant Lagrangians and flavor symmetry,
one can have gωNN ¼ 3gρNN . On the other hand, we have
gf1ωγ ≈

euþed
eu−ed

gf1ργ ¼ 1
3
× gf1ργ [7], and thus the gt is same for

the ρ and ω mesons.
The contact term is required to keep the full amplitude

gauge invariant and can be written as

Mc ¼ −egf1NNūðp4; s4Þ½γνγ5GNðq2sÞp1FNðq2sÞ

−p1GNðq2uÞγνγ5FNðq2uÞ�
pμ
3

p3 · p1

× uðp2; s2Þεμðp1; s1Þξ�νðp3; s3Þ: ð18Þ

The propagator for the N� and proton term can be written
as

GN� ðq2Þ ¼ i
qþMN�

q2 −M2
N� þ iMN�Γ

; ð19Þ

GNðq2Þ ¼ i
qþMN

q2 −M2
N þ iMNΓ

; ð20Þ

and the one for the vector meson ρ or ω is

Gμν
V ðq2Þ ¼ −i

gμν − qμqν=M2
V

q2 −M2
V

: ð21Þ

The total amplitude for the process γp → f1ð1285Þp is
the coherent sum of MN�

s , MN�
u , Mρ

t , Mω
t , MN

s , MN
u ,

and Mc,

M ¼ MN�
s þMN�

u þMρ
t þMω

t

þMN
s þMN

u þMc: ð22Þ

The unpolarized differential cross section in the c.m.
frame for the γp → f1ð1285Þp reaction is given as

dσ
dΩ

¼ M2
N

16π2s
jp⃗cm

3 j
jp⃗cm

1 j
X̄

jMj2; ð23Þ

where s is the invariant mass square of the γp system,
dΩ ¼ 2πd cos θ, θ denotes the angle of the outgoing meson
f1ð1285Þ relative to the beam direction in the c.m. frame,
while p⃗c:m:

1 and p⃗c:m:
3 are the 3-momentum of the initial

photon and final f1ð1285Þ in the c.m. frame.

B. ρ and ω trajectories contributions

At high energies and forward angles, the Reggeon
exchange mechanism plays a crucial role [16,17].
Therefore, in modeling the reaction amplitude for the γp →
f1ð1285Þp reaction at high energies, instead of considering
the exchange of a finite selection of individual particles, the
exchange of entire Regge trajectories is taken into account,
and this exchange can take place in the t-channel ρ and ω
trajectories [18].
One can obtain the amplitude of the ρ or ω trajectory

exchange MRegge
V from the Feynman amplitude MV

t of
Eq. (17) by replacing the usual vector meson propagator
with a so-called Regge propagator [19],
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1

q2 −M2
V
→

�
s
s0

�
αV−1 πα0V

sinðπαVÞΓðαVÞ
DV; ð24Þ

where the mass scale constant s0 ¼ 1 GeV and α0V is the
slope of the trajectory. The ρ and ω trajectories are taken
from Ref. [19],

αωðtÞ ¼ 0.44þ 0.9t; ð25Þ
αρðtÞ ¼ 0.55þ 0.8t; ð26Þ

and the signature factor DVðtÞ is taken from
Refs. [7,20,21],

DωðtÞ ¼
−1þ expð−iπαωÞ

2
; ð27Þ

DρðtÞ ¼ exp ð−iπαρÞ: ð28Þ

In this work, we adopt a hybrid approach to describe the
contributions of t-channel ρ and ω exchanges in the range
of laboratory photon energies explored by the CLAS data.
In the hybrid approach, the amplitude MV

t (Mρ
t and Mω

t )
in Eq. (22) is replaced by MH

t [18],

MH
t ¼ MRegge

V ×RþMV
t × ð1 −RÞ; ð29Þ

with

R ¼ Rs ×Rt; ð30Þ

Rs ¼
1

1þ e−ðW−W0Þ=ΔW ; ð31Þ

Rt ¼
1

1þ eðjtj−t0Þ=Δt
; ð32Þ

where we consider t0 and Δt free parameters that will be
fitted to experimental data, and W0 ¼ 2.1 GeV, ΔW ¼
0.08 GeV from the qualitative comparison of the predic-
tions of Ref. [7] with the CLAS measurement [6] and from
the findings of Ref. [22].
From the Eq. (29), we can see that for the region of high

energies (W ≡ ffiffiffi
s

p
> W0) and forward angles (jtj > t0), the

Regge mechanism is dominant.

III. NUMERICAL RESULTS AND DISCUSSIONS

There are nine parameters in our model, (a) four relevant
couplings gN� ¼ ffiffiffiffiffiffi

4π
p

gγNN� × gf1NN� for the Nð2300Þ term,
the gt ¼ gVNN × gγVf1 for the t-channel ρ and ω trajectories
exchanges, gf1NN , and κN ; (b) three cutoff parameters ΛN� ,
ΛN , and Λt; and (c) t0 and Δt. We will obtain these
parameters by fitting to the recent differential cross sections
data from the CLAS experiment. Since the CLAS
Collaboration presents the differential cross sections for
γp → f1ð1285Þp → ηπþπ−p, our results for the total
cross section and differential cross sections have been

scaled by the PDG branching fraction Γ½f1ð1285Þ →
ηπþπ−� in the fit, 0.52 × ð2=3Þ, which was used by the
CLAS Collaboration [6]. In our fit, MN ¼ 0.938 Gev,
MN� ¼ 2.30 GeV, ΓN� ¼ 0.34 GeV, Mρ ¼ 0.775 GeV,
and Mω ¼ 0.783 GeV [1].
There are a total of 45 CLAS experimental data, and the

statistical and systematic uncertainties are taken into
account. Considering all the contributions depicted in
Fig. 1, we perform a fit to the CLAS data, and the
corresponding results are shown in Table I (fit A). With
these parameters in fit A, the calculated differential cross

dσ
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Ω
 (

nb
/s
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FIG. 2. Differential cross sections of the γp → f1ð1285Þp
reaction as a function of cos θ. The black dots are the exper-
imental data with statistical errors [6]. The blue dash-dot-dotted
and green long dashed lines represent the contributions of the
s-channel and u-channel Nð2300Þ; the black dash-dotted and
cyan short-dashed lines are the contributions of the s-channel and
u-channel proton; the magenta dotted line describes the contri-
bution of t-channel Reggeon exchanges; and the orange dash-
dashed line depicts the contribution of the hybrid term. The red
solid line stands for the total contributions.

TABLE I. The fitted parameters in this work.

Fit A Fit B

gN� (GeV−1) −0.052� 0.006 � � �
gt (GeV−2) 0.335� 0.068 −0.443� 0.117
gf1NN 0.347� 0.258 0.110� 0.016
κN −4.034� 2.459 9.999� 9.801
ΛN� (GeV) 1.354� 0.269 � � �
ΛN (GeV) 1.285� 0.216 1.540� 0.157
Λt (GeV) 0.582� 0.219 0.610� 0.187
t0 (GeV2) 2.153� 0.445 1.612� 0.507
Δt (GeV2) 0.736� 0.433 0.850� 0.344
χ2=dof 1.05 1.89

WANG, LIU, WANG, and LI PHYSICAL REVIEW D 95, 096015 (2017)

096015-4



sections from W ¼ 2.35 to W ¼ 2.75 GeV as well as the
45 available data are depicted in Fig. 2, where the blue
dash-dot-dotted and magenta dotted lines correspond to the
contributions of the s-channel Nð2300Þ and t-channel
exchanges, respectively; the black dash-dotted is the con-
tribution of the u-channel proton; and other contributions
are very small and can be neglected. The red solid lines
stand for the total contributions. Only the statistical errors
are shown in Fig. 2.
From Fig. 2, we can see that our model gives an overall

reasonable description of the data in the range of
W ¼ 2.35 ∼ 2.75 GeV. The Nð2300Þ provides a flat
contribution for the differential cross sections, since the

Nð2300Þ couples to the final states f1ð1285Þp in the
S-wave. Near the threshold, the s-channel Nð2300Þ gives
a large contribution. At higher energies, the contributions
of the t-channel ρ and ω trajectories exchanges are
responsible for the shapes of the differential cross sections.
The contribution of u-channel nucleon term is dominant at
the backward angles, especially in the region of high
energies. Other contributions are very small and can be
neglected.
In order to study the role of the Nð2300Þ resonance in

the γp → f1ð1285Þp reaction, we also perform a fit by
excluding the s-=u-channel Nð2300Þ and allow the other
terms to remain. The corresponding results are listed in
Table I (fit B), and the differential cross sections are shown
in Fig. 3. From Table I, one can see that the χ2=dof ¼ 1.89
in fit B is larger than χ2=dof ¼ 1.05 in fit A, which shows
that the model including the Nð2300Þ contributions can
better describe the CLAS data.
Finally, we present the total cross section of the γp →

f1ð1285Þp reaction with and without Nð2300Þ terms,
respectively, in Figs. 4 and 5. From Fig. 4, it can be seen
that the s-channel Nð2300Þ term gives a clear peak
structure around W ¼ 2.3 GeV with the magnitude of
order 30 nb, but there is no such structure for the case
of excluding the Nð2300Þ contributions, which can be used
to test our model.

IV. SUMMARY

In this work, we have performed the study of the γp →
f1ð1285Þp reaction within the Regge-effective Lagrangian
approach. Besides the contributions from the t-channel ρ
and ω trajectories exchanges, we also consider the s-=u-
channel Nð2300Þ terms, the s-=u-channel nucleon terms,
and the contact term.
We extract the information about the intermediate states

by fitting to the CLAS data. We find that the model

d σ
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FIG. 3. Differential cross sections of the γp → f1ð1285Þp
reaction as a function of cos θ, where Nð2300Þ effects are not
considered. The explanation is the same as that of Fig. 2.

 0

 20

 40

 60

 80

 100

 2  2.2  2.4  2.6  2.8  3  3.2  3.4

σ 
(n

b)

W (GeV)

Total
N*-s
N*-u
N-s
N-u
t-channel
contact term

FIG. 4. Total cross section of the γp → f1ð1285Þp reaction vs
the invariant massW ¼ ffiffiffi

s
p

of the γp system, by including all the
contributions depicted in Fig. 1. The explanation is the same as
that of Fig. 2.
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FIG. 5. Total cross section of the γp → f1ð1285Þp reaction vs
the invariant mass W ¼ ffiffiffi

s
p

of the γp system, by excluding the
contributions of the s-=u-channel N(2300) terms. The explan-
ation is the same as that of Fig. 2.
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including the Nð2300Þ contributions can better describe the
CLAS data.
Our results indicate that the contributions of the u-channel

Nð2300Þ term, the s-channel nucleon term, and the contact
term are very small and can be neglected. However, the
contribution of u-channel nucleon term is dominant at the
backward angles, especially in the region of high energies.
With the preferred parameters (fit A), we predict the total
cross section. There is a clear bump structure around
W ¼ 2.3 GeV, which is associated with the Nð2300Þ state.
Thus, the reaction of γp → f1ð1285Þp could be useful to
further study the Nð2300Þ experimentally.
It should be noted that after we submitted this work to

the arXiv Wang and He also discussed the γp →
f1ð1285Þp reaction in a similar way [22], where the
t-channel ρ and ω trajectories exchanges and the s- and
u-channel nucleon term are considered and the s-channel
nucleon resonances are not included. They suggested that
the s-channel nucleon resonances are not very large. Our
calculations show that the s-channel N(2300) term plays an

important role in the γp → f1ð1285Þp reaction, and a clear
bump structure in the total cross section around

ffiffiffi
s

p ¼
2.3 GeV is predicted. The current information about this
reaction is not enough to distinguish our model from the
one of Ref. [22]. To shed light on the relevant mechanisms
of the γp → f1ð1285Þp reaction, further measurement of
the total cross sections is called for.
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