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Nucleon resonance production in the γ p → pηφ reaction
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In this work, we perform a study of nucleon resonance production in the γp → pηφ reaction within an
effective Lagrangian approach. In our model, we consider the excitation of the N∗(1535), N∗(1650), N∗(1710),
and N∗(1720) in the intermediate state and the background term. We find that this reaction is dominated by
the excitation of the N∗(1535) in the near threshold region. Especially, we study the possible role of the scalar
meson exchange in this reaction. It is found that the f0(980) exchange may give a significant contribution and
the parity asymmetry can be used to identify its role in this reaction.

DOI: 10.1103/PhysRevC.99.025203

I. INTRODUCTION

To study the properties of nucleon resonance is a central
task in hadronic physics. Despite decades of studies of the
nucleon resonances, there are still some controversies involv-
ing the nature and structure of some nucleon resonances.
One outstanding example is the N∗(1535). In addition to the
conventional three quark picture, there are evidences that in
the N∗(1535) there may be a large mixture of the three-quark
and the molecular or pentaquark components [1,2]. In the new
picture, one can not only naturally explain why the N∗(1535)
has a strong coupling to Nη but also predict a large coupling
of this resonance with other strange channels [3]. To verify
these theoretical models and their predictions, it is necessary
to study this resonance in various reactions.

In recent years, the photoproduction processes are widely
employed to investigate the properties of nucleon resonance
[4–8]. Until now, most of these studies concentrate on the
single-meson production process. However, studying nucleon
resonance in some multimeson production processes is also
interesting and can benefit the understanding of the properties
of nucleon resonances. For example, in Ref. [9] it was shown
that, due to the special reaction mechanisms, the reaction
γp → φK+� is suitable for studying the N∗(1535)K� cou-
pling which is difficult to be studied in the single-meson
production process. Such example tells us, by inspecting the
production mechanisms of nucleon resonance in multimeson
production processes, it is possible to learn about their cou-
plings with various channels [9,10]. Therefore, these studies
are helpful for us to better understand the nature and proper-
ties of the N∗s.

In this paper, we present the results for the study of the
γp → ηφp reaction using an effective Lagrangian approach.

*liubc@xjtu.edu.cn

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

We consider the contributions from the N∗(1535), N∗(1650),
N∗(1710), and N∗(1720) in the intermediate state, which then
decay into the ηN in the final state. The resonance contribu-
tion in the φη and φp channels is ignored in this work, because
in the energy region under study no significant resonance
signals are found in these two channels [11]. According to
this assumption, it seems that the present reaction may be a
good place to study the excitation mechanisms of the nucleon
resonances in the γp → φN∗ process since the decay process
of N∗ → ηN is relatively well known. Such studies are not
only important for understanding the reaction mechanism it-
self but also helpful for learning about the coupling of nucleon
resonances with the exchanged particles. In the γp → φN∗
process, due to the conservation of C parity, vector-meson
exchange is forbidden in this reaction. Since the involved
nucleon resonances in this work have relatively large decay
branch ratios to Nπ and Nη channels, it is natural to expect
that the π and η exchanges play important roles for the exci-
tation of the N∗s in this reaction. While, there are still some
other possible contributions from such as scalar meson[σ ,
f0(980) and a0(980)] and axial vector-meson [a1(1235)] ex-
changes. These contributions were usually ignored in previous
studies due to their relatively large mass or the ignorance of
their couplings with N∗s. Certainly, these assumptions should
be verified by the experiments. In this work, we hope to
address the role of f0(980), which is denoted by f0 in the
rest of the paper, for the excitation of the N∗(1535) in this
reaction. To evaluate the f0 exchange contribution, the knowl-
edge of the φf0γ and N∗(1535)Nf0 couplings is essential.
The φf0γ coupling can be extracted from the φ radiative
decay to γf0 [12]. While the coupling of the N∗(1535) with
Nf0 was rarely studied in previous works. However, if the
N∗(1535) has a significant strange component and tends to
have a strong coupling with strange channel, then it is possible
that the N∗(1535) also has a large coupling with the Nf0

channel since the f0 is believed to be a KK̄ molecular state.
If so, then this means that the present reaction may be a good
place to look for the evidence of the N∗(1535)Nf0 coupling.
As for the a0(980) and a1(1235), we choose to ignore their
contributions at present partially because their couplings to
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FIG. 1. Feynman diagrams for the γp → φηp reaction.

the N∗(1535) are totally unknown and partially because their
couplings with φγ are weak compared to the f0 [11,13]. The
other scalar meson σ is also ignored due to the weak coupling
of the φγσ vertex [11,14]. The next important question is how
to separate the scalar exchange contribution from the others.
Inspired by some previous work [15,16], we find that the spin
observable is very useful for this purpose. As we know, the
spin density matrix elements (SDMEs) of the φ meson can be
extracted from its decay angular distribution. By analyzing the
SDMEs of the φ meson, it is possible to learn the information
about the exchanged particles. Such a method was already
used in Refs. [17,18] to identify the role of the scalar κ-meson
exchange. In this work, we will show that the SDMEs may
also offer useful information about the exchanged meson in
the nucleon resonance production processes.

The rest of this paper is organized as follows. In Sec. II,
we present the theoretical formalism used in the calculations.
Numerical results and discussions are presented in Sec. III,
followed by a summary in the last section.

II. MODEL

In our model, the Feynman diagrams for the γp → φηp
reaction can be depicted by Fig. 1. As mentioned in the In-
troduction, here we only consider the π , η, and f0 exchanges
for the excitation of nucleon resonances since other meson
exchanges are either forbidden or expected to be unimportant.

To calculate the Feynman diagrams shown in Fig. 1, we
need the Lagrangian densities for the various vertices. The
following Lagrangian densities are employed in this work
[9,19,20]:

LπNN = −gπNN

2mN

N̄γ5γμ∂μπN, (1)

Lγπφ = e

mφ

gφγπεμναβ∂μφν∂αAβπ, (2)

Lγ ηφ = e

mφ

gφγηε
μναβ∂μφν∂αAβη, (3)

Lρ0ηγ = e

mρ

gρηγ εμναβ∂μρν∂αAβη, (4)

Lφρ0π = e

mφ

gφρπεμναβ∂μφν∂αρβπ, (5)

Lφf0γ = e

mφ

gφf0γ ∂αφβ (∂αAβ − ∂βAα )f0, (6)

Lf0NN∗
1535

= gf0NN∗
1535

f0N̄γ5N
∗ + H.c., (7)

LMNN∗
1535

= igMNN∗
1535

N̄∗MN + H.c., (8)

LMNN∗
1650

= igMNN∗
1650

N̄∗MN + H.c., (9)

LMNN∗
1710

= − gMNN∗
1710

mN + mN∗
N̄∗γ5γμ∂μMN + H.c., (10)

LMNN∗
1720

= −gMNN∗
1720

mM

N̄∗
μ∂μMN + H.c., (11)

where e = √
4π/137, φμ is the φ-meson field, M denotes the

π or η field, and Aμ is the photon field. The coupling constant
gπNN is taken from Ref. [21,22] with gπNN = 13.45. Other
coupling constants can be determined through the following
formulas:

�[V → Pγ ] = e2g2
V Pγ

12π

| �p|3
m2

ρ

, (12)

�[φ → ρ0π ] = e2g2
φρπ

12π

| �p|3
m2

φ

, (13)

�[φ → f0γ ] = e2g2
φf0γ

12π

| �p|3
m2

φ

, (14)

�
[
N∗

1
2

− → PN
] =

κg2
PNN∗

1/2−

4π

(EN + mN )

mN∗
| �p|, (15)

�[N∗
1710 → PN ] =

κg2
PNN∗

1710

4π

(EN − mN )

mN∗
| �p|, (16)

�[N∗
1720 → PN ] =

κg2
PNN∗

1720

12π

(EN + mN )

mN∗m2
P

| �p|3, (17)

where p denotes the magnitude of the momentum of final
particles in the center-of-mass frame. P and V denote the
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TABLE I. Coupling constants used in this work. The experimen-
tal decay branch ratios are taken from Ref. [11].

State Width(MeV) Decay Adopt g2/4π

channel branching ratio

ρ0 147.8 ηγ 3.0 × 10−4 0.12
φ 4.25 πγ 1.3 × 10−3 1.60 × 10−3

ηγ 1.3 × 10−2 3.97 × 10−2

ρπ 0.15 3.55
f0γ 3.2 × 10−4 1.73

N∗(1535) 150 Nπ 0.42 3.43 × 10−2

Nη 0.42 0.28
N∗(1650) 125 Nπ 0.60 3.73 × 10−2

Nη 0.25 7.44 × 10−2

N∗(1710) 140 Nπ 0.13 0.10
Nη 0.30 2.03

N∗(1720) 250 Nπ 0.11 2.04 × 10−3

Nη 0.03 8.25 × 10−2

pseudoscalar and vector meson, respectively. κ is a constant
which equals 1 for the η exchange and 3 for the π exchange.
The obtained coupling constants are listed in Table I.

As we are not dealing with pointlike particles here, the
form factors are necessary to be introduced. In the present
work, we choose the following form factor for the baryon
exchange diagrams as in Refs. [23,24]:

FB (qex,mex) = �4
B

�4
B + (

q2
ex − m2

ex

)2 . (18)

For π -meson and η-meson exchange diagrams, we adopt
[25]

FM (qex,mex) =
(

�2
M − m2

ex

�2
M − q2

ex

)2

. (19)

While we use

FV (qex) =
(

�2
V

�2
V − q2

ex

)2

(20)

for ρ-meson exchange [26]. The qex and mex are the four-
momentum and mass of the exchanged particle, respectively.
As for the cutoff parameters, we take �π = �η = 1.3 GeV
and �ρ = 1.2 GeV for meson exchanges [10,21] and �B =
2.0 GeV [9] for baryon exchanges.

The propagators for the exchanged particles are used as

G0(q ) = i

q2 − m2
(21)

for π and η,

G
μν
1 (q ) = − i(gμν − qμqν/q2)

q2 − m2
(22)

for ρ,

G 1
2
(q ) = i(/q + m)

q2 − m2 + im�
(23)

for the spin-1/2 baryon, and

G
μν
3
2

(q ) = i(/q + m)P μν (q )

q2 − m2 + im�
(24)

for the spin-3/2 baryon with

P μν (q ) = −gμν + 1

3
γ μγ ν + 1

3m
(γ μqν − γ νqμ)

+ 2

3m2
qμqν. (25)

Here q, m, and � are the four-momentum, mass and width of
the exchanged particle.

By using the above effective Lagrangian densities and the
propagators, we can get the scattering amplitude of the Feyn-
man diagrams shown in Fig. 1. The corresponding amplitudes
for Fig. 1(a) are

MN∗
1
2

− = egφγP gNN∗P gηN∗N

mφ

[
(p3 − p1)2 − m2

P

] ū(p5, s5)G 1
2
(qN∗ )

×u(p2, s2)εμναβP3με∗
ν (p3, s3)p1αεβ (p1, s1)

×FB (qN∗ ,mN∗ )FM (qP ,mP ), (26)

MN∗
1
2

+ = egφγP gNN∗P gηN∗N

mφmp + mN∗ 2
ū(p5, s5)γ5 /p4G 1

2
(qN∗ )

× γ5(/p3 − /p1)u(p2, s2)
FB (qN∗ ,mN∗ )FM (qP ,mP )

(p3 − p1)2 − m2
P

× εμναβP3με∗
ν (p3, s3)p1αεβ (p1, s1), (27)

MN∗
3
2

+ = egφγP gNN∗P gηN∗N

mφmηmP

ū(p5, s5)p4μG
μν
3
2

(qN∗ )

× (p1 − p3)νu(p2, s2)
FB (qN∗ ,mN∗ )FM (qP ,mP )

(p3 − p1)2 − m2
P

× εμναβp3με∗
ν (p3, s3)p1αεβ (p1, s1), (28)

Mf0 = −iegφγf0gNN∗f0gηN∗N

mφ

[
(p3 − p1)2 − m2

f0

] ū(p5, s5)G 1
2
(p4 + p5)

× γ5u(p2, s2)((p3 · p1)(ε∗
3 · ε1) − (p3 · ε1)(p1 · ε∗

3 ))

×FB (qN∗ ,mN∗ )FM (qf0 ,mf0 ), (29)

where P denotes the exchanged π or η and the momentum of
individual particles is denoted as in Fig. 1. The corresponding
amplitude for Fig. 1(b) can be written as

Mt = − ie2gφρπgηργ gπNN

2mpmφmρ

ū(p5, s5)γ5(/p2 − /p5)u(p2, s2)

× FV (qρ )FM

(
q2

P ,mP

)
(p5 − p2)2 − m2

π

εμναβP3με∗
ν (p3, s3)

× (p1 − p4)αG
βδ
1 (p4 − p1)ερσγ δ

×p1ρεσ (p1, s1)(p1 − p4)γ . (30)

III. RESULTS AND DISCUSSION

With the formulas given in the last section, the total and
differential cross sections can be calculated. First, we consider
the case where the f0 exchange contribution is not considered.
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FIG. 2. Total cross section vs. the beam energy Eγ for the γp →
φηp reaction without considering the f0 exchange. The red-dashed,
green-dotted, blue-dash-dotted, and pink-dash-dot-dotted lines rep-
resent the contribution of the N∗(1535), N∗(1650), N∗(1710), and
N∗(1720), respectively. The gray-short-dashed line denotes the t-
channel background contribution. Their sum is shown by the solid
black line.

In Fig. 2, we show the contributions of the various nucleon
resonances and the background contribution. It is obvious
that the N∗(1535) plays a dominant role in this reaction
near threshold. The dominant role of the N∗(1535) is mainly
attributed to its large coupling with the Nη channel. Other
nucleon resonances and the background term only play minor
roles in this reaction. While, with increasing energy, the
N∗(1710) will become important gradually. The interference
terms among the individual amplitudes are usually important
for understanding the experimental data. Most of the coupling
constants used in our work are extracted from the decay
width, in which way the relative phase of the couplings cannot
be determined. Fortunately, due to the dominant role of the
N∗(1535) in the energy region under study, we do not expect
the interference effects are very significant here. In fact, we
have tried to alter the phase by multiplying a factor of −1 and
no significant changes in the results have been found. It should
also be noted that, to evaluate the φρπ coupling constant, we
adopt the decay branch ratio of φ → ρπ at the upper limit
suggested by the Particle Data Group [11] which means the
background contribution could be even smaller.

Now we come to discuss the role of the f0 exchange
in this reaction. To evaluate the contribution from the f0

exchange, it is necessary to identify the coupling constant
of the N∗(1535)Nf0 vertex and the cutoff parameter in the
form factor. Until now, these two parameters have been rarely
known. Here we make the guess that gN∗(1535)Nf0 has a similar
magnitude as the gN∗(1535)Nσ . For the latter, its value can
be evaluated through the partial decay width �(N∗(1535) →
Nσ ) and one can get |gN∗(1535)Nσ | = 2.55 [19]. As a rough
estimate of the f0 exchange contribution, we think this sub-
stitute is plausible since the N∗(1535) is expected to have an
even stronger coupling with final state containing significant
strange component such as Nf0. On the other hand, for the

FIG. 3. Individual contributions of various meson exchanges.
The red-dashed, blue-dotted, and gray-dash-dotted lines indicate the
contributions of the η, π exchanges and background term, respec-
tively. The shadow area represents the f0 exchange contribution with
�f0 varying from 1.3 to 1.8 GeV.

cutoff parameter �f0 , we study the dependence of the results
on this parameter explicitly by varying it from 1.3 to 1.8 GeV.

In Fig. 3, we show the individual contributions of various
meson exchanges and the �f0 dependence of the f0 exchange
contribution. It is found that the role of the η exchange is much
more important than that of the π exchange in this reaction
as expected, while the role of f0 exchange is dependent on
the adopted value of the �f0 . However, even with a relatively
small value of �f0 , i.e., �f0 = 1.3 GeV, the f0 exchange
contribution is still comparable to the η exchange contribution
and larger than the contribution of the π exchange and the
background term. The significant f0 exchange contribution
can be attributed to the relatively large φf0γ coupling and the
p-wave nature of the N∗(1535)Nf0 coupling. Compared to
the s-wave coupling of the N∗(1535)Nη vertex, the p-wave
N∗(1535)Nf0 coupling is amplified due to the large threshold
momentum of this reaction, which enhances the f0 exchange
contribution. Note that to extract the φf0γ coupling constant
we use Eq. (14) and the decay branch ratio of φ → γf0, where
the adopted value of the f0 mass is essential in the calculation
since φ lies near the f0γ threshold. In the above calculations,
we take the mass of f0 as 0.99 GeV [11,19]. If a smaller
mass, such as Mf0 = 0.98 GeV, is adopted, then the g2

φf0γ
will

become a factor of 2 to 3 smaller than the value used here.
Based on the results shown above, it seems that with the

current parameters the f0 exchange contribution is significant
in the present reaction. To identify the role of f0 exchange
in this reaction, it is important to find some observable to
separate the various meson exchange contributions. Inspired
by the pioneer works [15,16], it is found that the parity
asymmetry is suitable for this purpose. In Ref. [17], it has been
shown that this observable can be used to identify the scalar
exchange contribution. The parity asymmetry is defined by the
SDMEs as

Pσ = 2ρ1
1−1 − ρ1

00, (31)
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FIG. 4. Predictions for the Pσ at Pγ = 3.0 GeV. The black-solid,
orange-dash-dot-dotted, and green-dash-dotted lines denote the re-
sults with �f0 = 1.8, 1.5, and 1.3 GeV, respectively. The red-dashed
line corresponds to the results using �f0 = 1.3 GeV and a smaller
mass of the f0, i.e., mf0 = 0.98 GeV, in the calculation. The blue-
dotted line indicates the result without considering the f0 exchange
contribution.

In the γ N →VN reaction, it can be proven that for the
natural and unnatural exchanges the parity asymmetry Pσ

equals 1 and −1 respectively. Since the scalar meson f0

has the natural parity and the pseudoscalar meson η(π ) has
unnatural parity, it is possible to distinguish their contributions
by measuring this observable. It should be pointed out that an
important difference between our work and previous ones is
that here we deal with nucleon resonance in the intermediate
state. However, this difference is irrelevant to the purpose
of the present work, since the Pσ is solely determined by
the φ-γ -meson vertex if only scalar or pseudoscalar meson
exchanges are concerned. Such an argument is supported by
the numerical results shown in Fig. 4. In this figure, we

present the predictions for the Pσ with �f0 = 1.3, 1.5, and
1.8 GeV. When we take the �f0 = 1.8 GeV, the f0 exchange
dominates this reaction and the Pσ is about 0.8. If we take
�f0 = 1.3 GeV, then the f0 exchange contribution is smaller
than that of the η exchange and the Pσ is about −0.4. When
the f0 exchange contribution is not considered at all, the Pσ

approaches −1 in accordance with the expectations. Note that
in this figure we also present the result using a smaller value,
i.e., 0.98 GeV, for the mass of f0 to check the dependence of
the results on the mass of f0. As shown in the figure, it seems
even in this case the predictions for the Pσ is still distinct from
the results without considering the f0 exchange contribution.
Therefore, we conclude that the parity asymmetry Pσ is
suitable to identify the scalar exchange contribution in this
reaction.

IV. SUMMARY

In this work, we investigate the γp → pηφ reaction within
an effective Lagrangian approach. We consider the contribu-
tion of the N∗(1535), N∗(1650), N∗(1710), and N∗(1720)
in the intermediate state and the background contribution. It
is found that the production of the N∗(1535) dominates this
reaction in the near threshold region. In particular, we study
the possible role of the scalar exchange for the excitation of
N∗(1535) and find that the f0 may play an important role here.
We also find the parity asymmetry Pσ is sensitive to the scalar
exchange contribution and can be used to identify the role of
the scalar exchange in this reaction.

ACKNOWLEDGMENTS

We acknowledge the support from the National Natural
Science Foundation of China under Grants No. 11375137 and
No. U1832160, the Natural Science Foundation of Shaanxi
Province under Grant No. 2015JQ1003, and the Fundamental
Research Funds for the Central Universities.

[1] T. Inoue, E. Oset, and M. J. Vicente Vacas, Phys. Rev. C 65,
035204 (2002).

[2] B. C. Liu and B. S. Zou, Phys. Rev. Lett. 96, 042002 (2006).
[3] B. S. Zou, Nucl. Phys. A 827, 333C (2009).
[4] V. D. Burkert, Few Body Syst. 59, 57 (2018).
[5] A. V. Anisovich et al., Eur. Phys. J. A 53, 242 (2017).
[6] P. T. Mattione et al. (CLAS Collaboration), Phys. Rev. C 96,

035204 (2017).
[7] H. Kamano, S. X. Nakamura, T. S. H. Lee, and T. Sato, Phys.

Rev. C 88, 035209 (2013).
[8] R. W. Gothe, V. Mokeev and E. Santopinto, Few Body Syst. 57,

869 (2016).
[9] Q. F. Lu, R. Wang, J. J. Xie, X. R. Chen, and D. M. Li, Phys.

Rev. C 91, 035204 (2015).
[10] B. C. Liu and S. F. Chen, Phys. Rev. C 96, 054001 (2017).
[11] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,

030001 (2018).
[12] Yu. S. Kalashnikova et al., Eur. Phys. J. A 24, 437 (2005).
[13] C. Q. Du and M. Z. Zhou, Int. J. Mod. Phys. A 25, 2475 (2010).
[14] A. Kucukarslan and Y. Unal, Eur. Phys. J. A 49, 129 (2013).

[15] G. Cohen-Tannoudji, Ph. Salin, and A. Morel, Nuovo Cimento
55, 412 (1968).

[16] K. Schilling, P. Seyboth, and G. Wolf, Nucl. Phys. B 15, 397
(1970); 18, 332(E) (1970).

[17] Y. Oh and H. Kim, Phys. Rev. C 73, 065202 (2006).
[18] S. H. Hwang et al. (LEPS Collaboration), Phys. Rev. Lett. 108,

092001 (2012).
[19] Je-Hee Lee et al., PTEP 2017, 093D05 (2017).
[20] B. S. Zou and F. Hussain, Phys. Rev. C 67, 015204 (2003).
[21] J. J. Xie, B. S. Zou, and H. C. Chiang, Phys. Rev. C 77, 015206

(2008).
[22] J. J. Xie, B. C. Liu, and C. S. An, Phys. Rev. C 88, 015203

(2013).
[23] B. C. Liu and J. J. Xie, Phys. Rev. C 85, 038201 (2012).
[24] V. Shklyar, H. Lenske, and U. Mosel, Phys. Rev. C 72, 015210

(2005).
[25] Y. Oh, C. M. Ko, and K. Nakayama, Phys. Rev. C 77, 045204

(2008).
[26] K. Nakayama, Y. Oh, and H. Haberzettl, J. Korean Phys. Soc.

59, 224 (2011).

025203-5

https://doi.org/10.1103/PhysRevC.65.035204
https://doi.org/10.1103/PhysRevC.65.035204
https://doi.org/10.1103/PhysRevC.65.035204
https://doi.org/10.1103/PhysRevC.65.035204
https://doi.org/10.1103/PhysRevLett.96.042002
https://doi.org/10.1103/PhysRevLett.96.042002
https://doi.org/10.1103/PhysRevLett.96.042002
https://doi.org/10.1103/PhysRevLett.96.042002
https://doi.org/10.1016/j.nuclphysa.2009.05.069
https://doi.org/10.1016/j.nuclphysa.2009.05.069
https://doi.org/10.1016/j.nuclphysa.2009.05.069
https://doi.org/10.1016/j.nuclphysa.2009.05.069
https://doi.org/10.1007/s00601-018-1378-7
https://doi.org/10.1007/s00601-018-1378-7
https://doi.org/10.1007/s00601-018-1378-7
https://doi.org/10.1007/s00601-018-1378-7
https://doi.org/10.1140/epja/i2017-12443-x
https://doi.org/10.1140/epja/i2017-12443-x
https://doi.org/10.1140/epja/i2017-12443-x
https://doi.org/10.1140/epja/i2017-12443-x
https://doi.org/10.1103/PhysRevC.96.035204
https://doi.org/10.1103/PhysRevC.96.035204
https://doi.org/10.1103/PhysRevC.96.035204
https://doi.org/10.1103/PhysRevC.96.035204
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1007/s00601-016-1152-7
https://doi.org/10.1007/s00601-016-1152-7
https://doi.org/10.1007/s00601-016-1152-7
https://doi.org/10.1007/s00601-016-1152-7
https://doi.org/10.1103/PhysRevC.91.035204
https://doi.org/10.1103/PhysRevC.91.035204
https://doi.org/10.1103/PhysRevC.91.035204
https://doi.org/10.1103/PhysRevC.91.035204
https://doi.org/10.1103/PhysRevC.96.054001
https://doi.org/10.1103/PhysRevC.96.054001
https://doi.org/10.1103/PhysRevC.96.054001
https://doi.org/10.1103/PhysRevC.96.054001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1140/epja/i2005-10008-4
https://doi.org/10.1140/epja/i2005-10008-4
https://doi.org/10.1140/epja/i2005-10008-4
https://doi.org/10.1140/epja/i2005-10008-4
https://doi.org/10.1142/S0217751X10048470
https://doi.org/10.1142/S0217751X10048470
https://doi.org/10.1142/S0217751X10048470
https://doi.org/10.1142/S0217751X10048470
https://doi.org/10.1140/epja/i2013-13129-1
https://doi.org/10.1140/epja/i2013-13129-1
https://doi.org/10.1140/epja/i2013-13129-1
https://doi.org/10.1140/epja/i2013-13129-1
https://doi.org/10.1007/BF02857563
https://doi.org/10.1007/BF02857563
https://doi.org/10.1007/BF02857563
https://doi.org/10.1007/BF02857563
https://doi.org/10.1016/0550-3213(70)90070-2
https://doi.org/10.1016/0550-3213(70)90070-2
https://doi.org/10.1016/0550-3213(70)90070-2
https://doi.org/10.1016/0550-3213(70)90070-2
https://doi.org/10.1016/0550-3213(70)90295-6
https://doi.org/10.1016/0550-3213(70)90295-6
https://doi.org/10.1016/0550-3213(70)90295-6
https://doi.org/10.1103/PhysRevC.73.065202
https://doi.org/10.1103/PhysRevC.73.065202
https://doi.org/10.1103/PhysRevC.73.065202
https://doi.org/10.1103/PhysRevC.73.065202
https://doi.org/10.1103/PhysRevLett.108.092001
https://doi.org/10.1103/PhysRevLett.108.092001
https://doi.org/10.1103/PhysRevLett.108.092001
https://doi.org/10.1103/PhysRevLett.108.092001
https://doi.org/10.1103/PhysRevC.67.015204
https://doi.org/10.1103/PhysRevC.67.015204
https://doi.org/10.1103/PhysRevC.67.015204
https://doi.org/10.1103/PhysRevC.67.015204
https://doi.org/10.1103/PhysRevC.77.015206
https://doi.org/10.1103/PhysRevC.77.015206
https://doi.org/10.1103/PhysRevC.77.015206
https://doi.org/10.1103/PhysRevC.77.015206
https://doi.org/10.1103/PhysRevC.88.015203
https://doi.org/10.1103/PhysRevC.88.015203
https://doi.org/10.1103/PhysRevC.88.015203
https://doi.org/10.1103/PhysRevC.88.015203
https://doi.org/10.1103/PhysRevC.85.038201
https://doi.org/10.1103/PhysRevC.85.038201
https://doi.org/10.1103/PhysRevC.85.038201
https://doi.org/10.1103/PhysRevC.85.038201
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.77.045204
https://doi.org/10.1103/PhysRevC.77.045204
https://doi.org/10.1103/PhysRevC.77.045204
https://doi.org/10.1103/PhysRevC.77.045204
https://doi.org/10.3938/jkps.59.224
https://doi.org/10.3938/jkps.59.224
https://doi.org/10.3938/jkps.59.224
https://doi.org/10.3938/jkps.59.224

