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I. INTRODUCTION

The η production offers an appropriate frame to study the properties of the nucleon

resonances (N∗). The zero isospin of η is a good filter to select the produced 1/2 isospin

resonances compared with other meson production channels, such as πN , where isospin 3/2

resonances also intervene. Among some twenty N∗s, the lightest S11 resonance, N(1535),

attracts much attention, because it is related to many interesting issues on the internal

structure of nucleon resonances, such as the mixing angles [1–8] and multiquark compo-

nents [9, 10]. The substantial branching ratio of the N(1535) → ηN decay channel still

remains to be fully understood, but it facilitates measurements of the η production pro-

cesses, given that from threshold up to roughly 200 MeV above, the reaction mechanism is

dominated by N(1535). Moreover, those reactions offer the possibility of also investigating

the properties of other nucleon resonances and searching for still undiscovered ones.

For half a century, hadronic and electromagnetic probes have been used for the η pro-

duction processes, essentially off the nucleon. The data for πN → ηN come mainly from

measurements performed in 70s [11–14] and suffer from some inconsistencies [15], except a

recent experiment performed at BNL, using the Crystal Ball spectrometer [16, 17]. The pub-

lished CB data [17] are high quality measurements, though limited to the close to threshold

kinematics. For the photoproduction process, a healthy amount of data has been published in

recent years for both differential cross section [18–21] and polarized beam asymmetry [21, 22].

Recently CBELSA/TAPS [23] and CLAS [24] Collaborations released new data with higher

precision and higher energies [24].

In spite of the unbalanced data base between γN and πN initiated reactions, recent

theoretical efforts [25–44] are focusing, via coupled-channels approaches, on both families of

processes, taking into account a significant number of intermediate and/or final states, such

as πN, ηN, ρN, σN, π∆, KΛ, KΣ. Those works are all based on effective Lagrangian

approaches, where meson-baryon degrees of freedom are implemented.

Investigations based on subnucleonic degrees of freedom, via chiral constituent quark

models (χCQM) have been developed and successfully applied to the interpretation of pho-

toproduction of pseudoscalar mesons on the proton, namely, γp → πN [45], ηp [3, 46, 47],

K+Λ [39], as well as the process π−p→ ηn [48, 49]. Finally, in a recent paper a formalism

in the χCQM approach [47] was extended to the π−p→ ηn reaction and allowed performing
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a combined analysis of both channels [48].

The previous studies within the χCQM approach focus on the total-energy (W ) region

below 2 GeV, where the best known N∗s lie. In those formalisms contribution from N∗s of

n > 2 shells in harmonic oscillator basis, relevant to the higher energy region, are treated

as degenerate, that is, simulated by a single resonance. Recent data extending the phase

space up to W ≈2.8 GeV renders the degenerate approximation less reliable. One solution

to that issue is to use the duality assumption [50] and to complement the χCQM with

the t-channel contributions, which mimic [51] the left-out higher mass resonances (M > 2

GeV). Formalisms using only Regge trajectories or associating the effective Lagrangian for

s-channel with a Reggeized model for t-channel have proven to be successful in describing

data above W ≈2 GeV for pseudoscalar mesons: π [52–55], η [43] and kaon [52, 56–60]

photoproduction reactions. Besides, the MAID Group [43] showed that a Reggeized model

is more appropriate than the t-channel exchanges described by the ρ and ω poles.

So, in this work we adopt the Reggeized model to complement our χCQM formal-

ism [47, 48] and study the η production, especially the very recent data released by

CBELSA/TAPS [23] and CLAS [24] Collaborations.

The paper is organized as follows. In Section II, the theoretical frame of our χCQM

approach, for both γp→ ηp and π−p→ ηn, and the Reggeized model are briefly presented.

The fitting procedure and numerical results for differential cross section, polarized beam

asymmetry, helicity amplitudes, and partial decay widths are reported and discussed in

section III. Summary and conclusion are reported in section IV.

II. THEORETICAL FRAME

Chiral quark model approaches, are based on the low energy QCD Lagrangian [61, 62]

L = ψ̄[γµ(i∂
µ + V µ + γ5A

µ)−m]ψ + · · ·, (1)

where vector (V µ) and axial (Aµ) currents read,

V µ =
1

2
(ξ∂µξ† + ξ†∂µξ) , Aµ =

1

2i
(ξ∂µξ† − ξ†∂µξ), (2)

with ξ = exp (iφm/fm) and fm the meson decay constant. ψ and φm are the quark and

meson fields, respectively.
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The amplitudes for s-channel resonances can then be written as,

MN∗ =
2MN∗

s−M2
N∗ − iMN∗Γ(q)

e
−

k2+q2

6α2
ho ON∗ , (3)

where
√
s ≡ W is the total energy of the system, and ON∗ is determined by the structure

of each resonance. Γ(q) in Eq. (3) is the total width of the resonance, and a function of the

final state momentum q.

The transition amplitude for the nth harmonic-oscillator shell is

On = O2
n +O3

n. (4)

The first (second) term represents the process in which the incoming photon and outgoing

meson are absorbed and emitted by the same (different) quark [49, 62].

We use the standard multipole expansion of the CGLN amplitudes [63] to obtain the

partial wave amplitudes for resonance f2I,2l±1. Then the transition amplitudes for pseu-

doscalar meson production through photon and meson induced reactions take, respectively,

the following forms:

Oγ
N∗ = if1l±σ · ǫ+ f2l±σ · q̂σ · (k̂× ǫ) + if3l±σ · k̂q̂ · ǫ+ if4l±σ · q̂ǫ · q̂, (5)

Om
N∗ = f1l± + σ · q̂σ · k̂f2l±. (6)

We can relate the helicity amplitude for a given resonance with the multipole coefficient

as in the case of photoproduction process [48]

fN∗

l± = ∓AN∗

l± =
1

2
ǫ

(

ΓπNΓηN

kq

)1/2

CN∗

πNC
N∗

ηN =
1

2π(2J + 1)

(

ENi
ENj

M2
N∗

)1/2

AπN
1/2A

ηN
1/2, (7)

where the decay width is given by

Γm =
1

(2J + 1)

|q|EN

πMN∗

∣

∣

∣

∣

Am
1/2

CN∗

mN

∣

∣

∣

∣

2

, (8)

and the Clebsch-Gordan coefficients are

CN∗

mN = 〈IN∗

MN∗ |ImMmINMN〉, (9)

with m ≡ π, η.

In our approach, the photoexcitation helicity amplitudes Aγ
λ, as well as the strong decay

amplitudes Am
ν , are related to the matrix elements of the interaction Hamiltonian [64] as
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following:

Aγ
λ =

√

2π

k
〈N∗; Jλ|He|N ;

1

2
λ− 1〉 , (10)

Am
ν = 〈N ;

1

2
ν|Hm|N∗; Jν〉. (11)

For the s-channel, Eqs. (10) and (11) are used to determine contributions from n ≤2 shells

for N∗s with M .2 GeV. The u-channel is calculated as degenerate as before [3, 47, 48, 62].

For the t-channel contributions, we start with Feynman diagrams for vector mesons ρ0 and

ω exchanges amplitudes. The effective Lagrangian for the vector meson exchange vertices

are

LγηV =
eλV
mη

εµνρσ (∂
µAν

γ)φη (∂
ρV σ) , (12)

LV qq = gV ψ̄

(

γµ +
κV qq

2mq

σµν∂
ν

)

V µ
V ψ , (13)

where Aν
γ and V µ

V are photon and exchanged vector mesons, respectively. Here, in line

with Ref. [45] we introduced κV qq for the constituent quark. The electromagnetic couplings

of the vector mesons λV are determined from the radiative decay widths ΓV→ηγ as MAID

group [43], that is, 0.81 for ρ and 0.291 for ω. The values for the strong coupling constants

gV qq and κV qq are treated as free parameters.

With the Lagrangians in Eqs. (12) and (13), the amplitudes for t-channel in chiral quark

model can be easily obtained as in Ref. [45]

MV = e
λV gV qqe

−(k−q)2/6α2
ho

mπ(t−m2
V )

{

gt

[

1 +
ωm

Ef +Mf

+
ωγ

Ei +Mi

+
κV qq

2mq

(

m2
π

Ef +Mf

−
(

1

Ef +Mf

+
1

Ei +Mi

k · q
))]

q · (k× ǫγ)

+gA

[

ωγq
2

Ef +Mf

+
ωmk

2

Ei +Mi

−
(

ωγ

Ei +Mi

+
ωm

Ef +Mf

)

q · k

+
κV qq

2mq

(

ωmk
2 + ωγq

2 +
ωγωm

Ef +Mf

q2 +
(ωγωm −m2

π)

Ei +Mi

k2

−
(

ωγ + ωm +
ω2
m

Ef +Mf

+
ω2
γ

Ei +Mi

− k · q
Ei +Mi

+
q · k

Ef +Mf

)

q · k
)]

iσ · ǫγ

+gA

[

ωm

Ef +Mf

+
κV qq

2mq

(

ωm +
ω2
m

Ef +Mf

− k · q
Ef +Mf

+
k · q

Ei +Mi

)]

iσ · kq · ǫγ

−gA
[

ωγ

Ef +Mf

+
κV qq

2mq

(

ωγ +
k2

Ei +Mi

+
ωγωm

Ef +Mf

)]

iσ · qq · ǫγ
}

, (14)
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where k ·q = ωγωm−k·q is the four-momentum product. The exponential term e−(k−q)2/6α2
ho

comes from the nucleon wave function, which plays the role of a form factor. However, the

MAID Group [43] study showed that the form factor is not required for the Reggeized

model. Hence, we remove the exponential term in our calculations. gA is the axial vector

coupling and is defined in the quark model as 〈Nf |
∑

j Î
v
jσj|Ni〉 ≡ gA〈Nf |σ|Ni〉, where Îvj is

the isospin operator for the exchanged vector meson. The factor gt comes from the isospin

space, gt ≡ 〈Nf |
∑

j Î
v
j |Ni〉.

In the Reggeized model the main change is substituting the meson exchange poles by the

Regge propagator:

1

t−m2
V

→ PV
Regge =

(

s

s0

)αV (t)−1
πα′

V

sin [παV (t)]

SV + e−iπαV (t)

2

1

Γ (αV (t))
, (15)

where s0=1 GeV2 is the reference mass scale and SV = ±1 is the trajectory’s signature. The

gamma function Γ(αV (t)) suppresses poles of the propagator in the unphysical region. The

vector-meson Regge trajectory is taken in the following linear form

αV (t) = α◦
V + α′

V t, (16)

with t the Mandelstam variable, and read for ρ and ω, respectively, as

αρ(t) = 0.55 + 0.8t, (17)

αω(t) = 0.44 + 0.9t. (18)

III. RESULTS AND DISCUSSION

A. Fitting procedure

Using the CERN MINUIT code, we have fitted simultaneously the following data sets

and PDG values:

• Spectrum of known resonances:

Known resonances: We use as input the PDG values [65] for masses and widths, for

which the uncertainties are handled as in Ref. [47]. The 12 known nucleon resonances,

with M . 2 GeV, considered in this work are:

n=1: S11(1535), S11(1650), D13(1520), D13(1700), and D15(1675);
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n=2: P11(1440), P11(1710), P13(1720), P13(1900), F15(1680), F15(2000), and F17(1990).

Besides the above isospin-1/2 resonances, we fit also the mass of ∆(1232) resonance.

However, spin-3/2 resonances do not intervene in the η photoproduction.

• Observables for γp→ ηp:

Differential cross-section: Data base includes 3349 data points for 1.5 . W . 2.8

GeV, coming from the following labs: MAMI [66], CLAS [18], ELSA [19], LNS [20], and

GRAAL [21]. Only statistical uncertainties are used. For the most recent data from

CBELSA/TAPS [23] and CLAS [24] Collaborations, both statistical and systematic

uncertainties are considered to avoid too strong constraints due to their very small

statistical uncertainties.

Polarization observables: For polarized beam asymmetry Σ, 184 data points for

1.5 . W ≤ 1.9 GeV from GRAAL [21] and ELSA [22] are used with statistical

uncertainties.

The target asymmetry (T ) data [67] are not included in our data base. Actually,

those 50 data points bear too large uncertainties to put significant constraints on the

parameters [47].

• Observables for π−p → ηn: In line with Ref. [41], the used data base includes

354 differential cross sections, for 1.5 . W ≤ 2.0 GeV, coming from: Deinet [11],

Richards [12], Debenham [13], Brown [14], Prakhov [17]. Uncertainties are treated as

in Ref. [41]

In summary, 3887 experimental values are fitted. To do so, we have a total of 19 free

parameters, not all of them adjusted on all the data sets, as explained below.

In Table I we summarize the list of adjustable parameters and their extracted values.

Note that the reported uncertainties are those produced by the MINUIT code and should

be considered as lower limits.

Two of the parameters, namely, the non-strange quarks average mass (mq) and the har-

monic oscillator strength (αho) are involved in fitting both mass spectrum and η-production

data. The QCD coupling constant (αs) and the confinement constants (Ω and ∆), intervene

only in fitting the η-production data via the configuration mixing mechanism. In Table I the

extracted values within the present work are given and compared to those reported in our
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TABLE I. Adjustable parameters with their extracted values, where mq, αho, Ω, ∆, M , and Γ are in MeV.

Parameter Ref. [48] Present work

mq 312 310 ± 5

αho 348 309 ± 2

αs 1.96 1.60 ± 0.02

Ω 437 421 ± 4

∆ 460 460 ± 1

gηNN 0.376 0.276 ± 0.005

P13(1720): C
γ
P13(1720)

0.37 0.22 ± 0.01

Cπ
P13(1720)

-0.89 -0.85 ± 0.03

New S11: Mγ 1715 1700 ± 1

Γγ 207 473 ± 10

C
γ
N∗ 0.51 1.18 ± 0.03

N(1535): Mγ −− 1532 ± 1

Γγ −− 140 ± 1

u-channel: C
γ
u −− 0.71 ± 0.03

Cπ
u −− 1.39 ± 0.05

t-channel gρqq −− 1.90 ± 0.22

κρqq −− -0.20 ± 0.01

gωqq −− 4.88 ± 0.16

κωqq −− -0.26 ± 0.02

previous paper [48] where a single higher mass resonance was considered, corresponding to a

degenerate treatment of n >2 shells nucleon resonances, instead of the t-channel mechanism.

The quark mass and the harmonic oscillator strength (αho) are close to the values in the

previous fitting [48] while the QCD coupling constant (αs) gets decreased by about 17%. For

the other parameters, the extracted values come out close to those used by Isgur-Karl [68]

and Capstick-Roberts [69]: E0 = 1150 MeV, Ω ≈ 440 MeV, and ∆ ≈ 440 MeV.

The remaining parameters are involved in the fitting of η-production data. With respect

to the η-nucleon coupling constant gηNN , our result favors a rather small coupling around

gηNN = 0.3, which is compatible with those deduced from fitting only the η photoproduc-
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tion [3, 70]. Comparable values for that coupling are also reported in Refs. [71–74].

As already mentioned, the S11(1535) is the dominant resonance in the η production

processes up to W .1.7 GeV. Hence we treat its Breit-Wigner mass and width as free

parameters. Both extracted values come out within the PDG ranges: M = 1535± 10 MeV

and Γ = 150± 25 MeV.

Two strength parameters are introduced for the resonance P13(1720), in line with Ref. [47],

and treated as adjustable in order to avoid its otherwise too large contribution resulting from

direct calculation. The value of that parameter extracted from the photoproduction reaction,

is close to that obtained [47] by fitting data below W . 2 GeV.

In our previous works [47, 48], three new resonances, S11, D13, and D15, were introduced,

in line with findings by several authors [3, 30, 31, 36, 39, 43, 75–81], with extracted masses

roughly between 1.7 and 2.1 GeV. The new D13 state was found to be negligible in the η

photoproduction [47, 48] and, hence, is not considered here. The contribution from D15

(M >2 GeV) might overlap with the t-channel contributions in this work. Hence we have

removed it to avoid double-counting problem. The third S11 is still kept in this work and its

extracted mass comes out close to the previous works [3, 47, 48] while the width is about 470

MeV, which is larger than the value in Ref. [47]. Such a large width might be an indication

of additional S11 resonance(s), as reported in Ref. [36]. Finally, for the process π−p → ηn,

we deal only with the known resonances, as in Refs. [41, 48].

Now we discuss the u- and t-channels treatments.

In chiral quark model approaches, the u-channel contribution is handled as degener-

ate [62]. In the work of MAID group [43], it was suggested that the u-channel contributions

may be important in reproducing the behavior of differential cross section at extreme back-

ward angles. Hence we introduce a unique global adjustable parameter for this channel. Nu-

merical results show about 30% deviations from unity, expected within exact SU(6)⊗O(3)

symmetry.

Below, we give the expressions relating the meson-nucleon-nucleon couplings to those at

the quark level:

gVt gV qq = gV NN , (19)

gVA
gV qq

mq

(1 + κV qq) =
gV NN

mN

(1 + κV NN). (20)
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Values for gV qq and κV qq, with V ≡ ρ, ω, have been extracted by fitting the photoproduction

data, as reported in Table I. For the t-channel small values of κV qq is found as expected. For

the remaining parameters we use the quark model values [45]: gωA = 1, gωt = 3, gρ
◦

A = 5/3 and

gρ
◦

t = 1. Those values are comparable with the values reported by other authors [38, 43, 82–

84], within the uncertainties on extracted values for gA and gt in constituent quark model.

Using our extracted values for V qq vertices couplings (Table I, last four rows) and

Eqs. (19) and (20) lead, for V NN vertices, to results reported in Table II and compared

with results from three other works. Our values for ρ are smaller than those extracted by

the MAID analysis [43] and also coming from Bonn [85] and Nijmegen [86] potentials. Note

that results from these latter potentials differ between themselves by 30% to 50%. For ω

case our value for gωNN comes out larger than the MAID analysis [43], but stands in-between

those produced by nucleon-nucleon potentials. The κωNN deviates significantly from van-

ishing values of potentials. Detailed discussion on the V NN couplings values can be found

in Refs. [27, 28].

TABLE II. Vector-meson nucleon-nucleon couplings.

Ref. gρNN κρNN gωNN κωNN

Present work 1.90 3.0 14.6 -0.25

MAID [43] 2.4 3.7 9.0 0

Bonn potential [85] 3.34 6.1 15.8 0

Nijmegen potential [86] 2.76 4.2 11.1 0.02

At this stage, having presented various parameters of our model, either fitted or taken

from literature, we proceed to rather detailed discussion, per data set, of the quality of our

fit.

In Table III, rows 2 to 7 give the total χ2 (column 4) and the χ2 per data point (column 6)

for γp→ ηp differential cross sections. The χ2
dp comes out smaller than 2 for data published

between years 1995 and 2007, by collaborations from MAMI [66] (MAMI95), LNS [20]

(LNS06) and GRAAL [21] (GRAAL07). Those data span a total energy range going from

threshold to W .1.9 GeV.

The best reduced χ2 is obtained for GRAAL07 measurements, with close to 500 data

points. The worse χ2
dp is given by the first results published [18] in 2002 by the CLAS
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Collaboration (CLAS02), which show discrepancies with the most recent results [23, 24], in-

cluding those by the same Collaboration (CLAS09), which extends the higher limit in energy

from W ≈ 2.1 to 2.8 GeV and embodies almost 6 times more data points. Measurements

performed at ELSA show different trends, namely, the early work [19] of that collaboration

published in 2005 (ELSA05), goes slightly higher in energy than their latest results [23],

but shows a smaller χ2
dp by about 30%, with comparable number of data points. We will

come back to these considerations in the next Sec. Results for polarized beam asymmetry

are reported in Table III, rows 8 and 9. We get an excellent agreement with the ELSA

measurements [22] (ELSA07), but a large χ2
dp for GRAAL07 data [21].

TABLE III. χ2 for the γp → ηp differential cross section (rows 2 to 8) and polarized beam asymmetry

(rows 9 and 10); differential cross section of the reaction π−p → ηn (rows 11 and 15); and mass spectrum

of isospin 1/2 baryon resonances (row 16).

Observable Collaboration/author W (GeV)
∑

χ2 Ndp
∑

χ2
dp

dσ
dΩ (γp → ηp) MAMI94 [66] 1.49 - 1.54 183.73 100 1.84

CLAS02 [18] 1.53 - 2.12 929.49 190 4.90

CLAS09 [24] 1.68 - 2.80 2595.48 1081 2.40

ELSA05 [19] 1.53 - 2.51 1250.66 631 1.98

ELSA09 [23] 1.59 - 2.37 2028.88 680 2.98

LNS06 [20] 1.49 - 1.74 313.16 180 1.74

GRAAL07 [21] 1.49 - 1.91 629.13 487 1.29

Σ (γp → ηp) ELSA07 [22] 1.57 - 1.84 42.21 34 1.24

GRAAL07 [21] 1.50 - 1.91 883.60 150 5.89

dσ
dΩ (π−p → ηn) Prakhov et al. [17] 1.49 - 1.52 39.45 84 0.47

Deiinet et al. [11] 1.51 - 1.70 127.01 80 1.59

Richards et al. [12] 1.51 - 1.90 122.31 64 1.91

Debenham et al. [13] 1.49 - 1.67 16.71 24 0.70

Brown et al. [14] 1.51 - 2.45 159.82 102 1.57

N∗ Spectrum PDG [65] 51.2 15 3.42

Total 9372.2 3902 2.40
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In summary, with respect to the photoproduction observables the χ2
dp turns out to be

around 2.5, with significant discrepancies within various data sets and/or observables.

Finally, in rows 9 to 13 in Table III, our results for the strong channel are given. The

overall χ2
dp is 1.3, though it shows significant variations according to the data set, but still

it stays below 2.

We will come back to these considerations in the next Sec.

To end this section, we present our results for resonances spectrum and roles played by

those resonances in the reaction mechanisms of the processes considered in this work.

 1.3

 1.4

 1.5

 1.6

 1.7

 1.8

 1.9

 2

 2.1

 2.2

S11 P11 P13 D13 D15 F15 F17

M
as

s 
(G

eV
)

Resonance

PDG mass range

* or **

*** or ****

Our results
Missing

* or **

*** or ****

New

δ χ2/χ2

0.1 1 10 100

FIG. 1. (Color online) The spectrum of baryon resonances from PDG [65] (green bands) and from the

present work for known (red bans), missing (yellow bands), and new (white band) resonances. The black

bands indicate the variations of χ2 after turning off the corresponding resonance within our full model.

In Fig 1 are depicted mass values from PDG isospin 1/2 resonances with M . 2 GeV,

our results for the 12 known N∗s listed in Sec. III A, OGE generated missing resonances [47]

(P11 (1899), P13 (1942), P13(1965), P13(2047), and F15 (1943)) and the introduced third

S11. The masses generated by our formalism compare with the PDG values in line with

other CQM approaches [68, 87]. The same observation is valid for missing resonances, as

12



discussed in our previous work [47]. The new S11 has no counterpart within known, neither

missing resonances.

In order to investigate the importance of the 18 resonances of our approach, we have

switched off each of them one by one. The five missing resonances show no significant effects

in line with our previous findings [47]. For the other N∗s, the black part in each bar indicates

the relative change in χ2 with that specific resonance turned off. Among the 12 known N∗s,

the most significant ones, with decreasing importance, are: S11(1535), S11(1650), D13(1520),

F15(1680), P13(1900). Finally, the new S11(1700) appears to be the second most important

ingredient of our model.

In the following we move to the observables for the γp → ηp and π−p → ηn processes,

and compare our results with the data. To get better insights into the reaction mechanism,

we also report on the contributions from resonances which have significant effects on χ2 for

both processes studied here.

B. Observables for γp → ηp

In Fig. 2 differential cross section results are depicted at twenty four energies going from

close to threshold, Elab
γ =0.715 GeV (W=1.49 GeV) up to Elab

γ =3.70 GeV (W=2.80 GeV).

At each energy three curves are compared with the data: a) full model, b) contribution from

solely S11(1535), c) contributions from the Reggeized t-channel. Note that, while full model

embodies u-channel, its contribution is too small to be shown in the Figure.

Comparing our model (full curves) with various data shows that the general agreement

is acceptable and there is no anomalous behavior in the whole phase space. Discrepancies

within those data, in some cases with more than 2σ, make clear problems that have to

be faced in fitting such a data base, which is reflected in the χ2
dp=2.5. The dotted curves

show contributions due only to S11(1535), which has a dominant role near to threshold and

up to W ≈ 1.7 GeV, where t-channel effects already start becoming visible. Note that

the dashed curves correspond to contributions exclusively from t-channel, without further

minimizations. From W ≈ 2 GeV on, this latter channel gains more and more importance

with increasing energy and completely dominates the model results above W ≈ 2.1 GeV.

In the range 2.2 . W . 2.3 GeV the extreme angles are not very well reproduced,

indicating very likely that higher mass N∗s are needed and/or a more extended treatment
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FIG. 2. (Color online) Differential cross section for γp → ηp as a function of cosθη for various values of

photon energy in the lab frame. The values in parenthesis are the corresponding total energy of the system

W . The curves are: full model (full), S11(1535) (dotted), and t-channel (Dashed). Data are from CLAS02

(open squares) [18], CLAS09 (filled diamonds) [24], LNS (filled squares) [20], GRAAL (open circles) [21],

ELSA05 (filled circles) [19], ELSA09 (down triangles) [23] and MAMI (open triangles) [66].

of the u-channel contributions is desirable. In our work, u-channel contributions turn out

to be very small in the whole energy region, with a maximum contribution of roughly 8%

around W ≈ 1.65 GeV and almost vanishing above W ≈ 1.9 GeV.

To give a complete picture of the η photoproduction, polarized beam asymmetries are
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FIG. 3. (Color online) Same as Fig. 2, but for polarized beam asymmetry for ~γp → ηp. Data are from

GRAAL (open circle) [21] and ELSA (filled circle) [22].

presented in Fig. 3. The full model (full curves) describe the data satisfactorily, except at

W =1.688 and 1.907 GeV, which, given the small uncertainties on GRAAL data, illustrates

the large χ2 obtained for that data set. Here, the two other curves have following ingredi-

ents: dotted curves come from the full model, with S11(1535) switched off, and the dashed

curves are obtained by turning off t-channel contributions. These two sets of results are also

obtained without further minimizations.

As in the case of the differential cross section, the beam asymmetry is dominated by

S11(1535) (dotted curves), up to W . 1.7 GeV. Above that energy t-channel contributions

become visible, with effects comparable to differential cross section case in the same energy

range.

C. Observables for π−p → ηn

In Fig. 4 we report our results for the full model (full curves), contributions due to only

S11(1535) (dotted curves) and those exclusively from u-channel.

As already mentioned the data base for π−p → ηn suffers from serious inconsistencies,

especially with increasing energy. With this in mind we limit ourselves to the W . 2 GeV

region.

The overall agreement between theory and heterogeneous data is acceptable. The well
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FIG. 4. (Color online) Differential cross section for π−p → ηn as a function of cosθη for various values

of W . The curves are: full model (full curves), S11(1535) (dotted), u-channel (dash-dotted). Data are from

Prakhov et al. (open squares) [17], Richards et al. (filled squares) [12], Morrison et al. (open circles) [16],

Deinet et al. (filled circles) [11], Debenham et al. (open triangles) [13], Brown et al. (down triangles) [14].

known dominance of S11(1535) shows up at the lowest energies. For W ≥1.6 GeV u-channel

brings in significant contributions. However, neither of these two ingredients reproduce the

shape of the measured cross sections. So here, the reaction mechanism again embodies

destructive interference among N∗s contributions.
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The main novelty here, compared to our previous work [48] without t-channel, appears at

most backward angles, where the present model reproduces those data points much better.

D. Helicity amplitudes

In Table IV, we present the predictions of our full model for the helicity amplitudes

and the partial decay widths of N∗ → ηN , πN decay channels, for all n =1 and 2 shell

resonances generated by the quark model, including the so-called “missing” ones.

TABLE IV. Helicity amplitudes and decay widths for resonances, with ΓPDG
η(π)N = Γtot · Brη(π)N in PDG

[65]. Here σ is the sign for πN → ηN as in Ref. [88]. The five missing resonances generated by the OGE

mechanism [47] are shown in italics.

.

Resonances A1/2 APDG
1/2 A3/2 APDG

3/2 σ
√

ΓηN (σ)
√

ΓPDG
ηN

√
ΓπN

√

ΓPDG
πN

S11(1535) 64 90 ± 30 7.38 8.87+1.37
−1.37 8.90 8.22+1.59

−1.60

S11(1650) 58 53 ± 16 -2.40 1.95+0.94
−1.57 12.09 11.31+1.95

−1.98

P11(1440) -26 -65 ± 4 1.62 19.38 13.96+4.41
−3.48

P11(1710) -54 9 ± 22 -1.02 2.49+1.75
−0.88 3.19 3.87+3.20

−1.64

P11 (1899) 18 -2.28 8.91

P11(2100) 3 -1.01 5.77 5.34+2.16
−2.16

P13(1720) 166 18 ± 30 -63 -19 ± 20 2.44 2.83+1.04
−0.71 24.35 5.48+2.27

−1.60

P13(1900) 29 3 -1.19 8.35+2.11
−2.20 13.11 11.38+2.20

−2.21

P13 (1942) 27 2 1.97 3.37

P13(1965) 11 2 0.01 6.72

P13(2047) -3 3 -0.84 3.89

D13(1520) -17 -24 ± 9 142 166 ± 5 0.33 0.51+0.07
−0.08 14.26 8.31+0.71

−0.89

D13(1700) -5 -18 ± 13 2 -2 ± 24 -0.61 0.00+1.22
−0.00 4.90 3.16+1.58

−1.58

D15(1675) -6 19 ± 8 -9 15 ± 9 -1.88 0.00+1.28
−0.00 7.56 7.75+0.87

−1.00

F15(1680) 13 -15 ± 6 123 133 ± 12 0.43 0.00+1.18
−0.00 13.61 9.37+0.53

−0.54

F15 (1943) -10 3 0.68 0.35

F15(2000) -1 11 -0.36 3.71 4.00+6.20
−2.18

F17(1990) 5 30 ± 29 7 86 ± 60 -1.18 0.00+2.17
−0.00 7.03 4.58+1.55

−1.55
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Our results (Table IV) come out in line with those from other similar approaches (see

Tables I and II in Ref. [69]). Among the adjustable parameters given in Table I, only the first

five intervene in the entries discussed here. Those parameters are close enough to the values

obtained without t-channel contribution in our previous work [47]. So, results reported in

Table IV are not very different from those in Table IV of Ref. [47]. Nevertheless the present

results show a general tendency to decrease with respect to the previous results. This

feature brings the predicted values closer to those reported in PDG. The most significant

improvements concern S11(1650) andD13(1520), though the latter has a rather marginal role,

except in producing the right curvature of the photoproduction polarization observables.

The partial decay widths N∗ → πN also mostly follow a decreasing behavior, leading

to significant improvements for S11(1535) and S11(1650). None of results display a drastic

undesirable change due to the inclusion of t-channel contributions.

IV. SUMMARY AND CONCLUSION

Chiral constituent quark approach, embodying n ≤ 2 shell resonances, has proven to

be an appropriate formalism in interpreting data for processes γp → ηp and π−p → ηn

from threshold up to W . 2 GeV. The effective Lagrangian approaches, based on meson-

nucleon degrees of freedom, allow also comparable success with respect to the available

data. However, the χCQM offers on the one hand insights into the subnucleonic structure

of hadrons, and on the other requires (much) smaller number of adjustable parameters, a

number which increases significantly within effective Lagrangian treatments while including

an increasing number of nucleon resonances.

Developing a formalism adequate for energies above W ≈ 2 GeV implies, either the

extension of the χCQM formalism to n > 2 shells, or the inclusion of t-channel contributions.

In the present work we have adopted the second option and complemented our χCQM

formalism with a Reggeized trajectories treatment. Such an effort is motivated by the new

data released by the CBELSA/TAPS [23] and CLAS [24] collaborations. The s-channel

contributions are calculated in the quark level starting from the effective chiral Lagrangian

and u-channel is treated as degenerate. For the t-channel a Reggeized model is introduced

at quark level.

A database, with about 4000 data points, for both η photoproduction and π−p → ηn
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processes was used in the fitting procedure, with 19 adjustable parameters. The whole

database is well reproduced with an average of reduced χ2 about 2.4, except for the CLAS

results [18] published in 2002. As an outcome, we reach the following conclusions:

• The reaction mechanism in s-channel is dominated by five known resonances, namely,

S11(1535), S11(1650), D13(1520), F15(1680), and P13(1900), and one new S11 resonance

with M ≈ 1.7 GeV. The missing resonances generated by the OGE mechanism show

no influence on the studied reactions mechanisms.

• The Reggeized t-channel is indispensable in reproducing data above W ≈ 2 GeV.

• The u-channel contributions, though treated in degenerate approximation, play signif-

icant role in extreme forward angles for dσ/dΩ(π−p→ ηn).

• The main coupling constant, gηNN turns out to be rather small, with a value of ≈ 0.3.

• The extracted couplings for the ρ and ω mesons come out compatible with values

known from other sources.

• The mass and width of the main nucleon resonance, S11 (1535), left as free parame-

ters, get values in agreement with those reported in PDG. This result emphasizes the

stability of the minimization procedure.

To go further in such investigations, there is a real need for new πN → ηN data in the

energy range covered already by photoproduction data, corresponding to the whole range of

the nucleon resonance masses. From theoretical side, extending the χCQM , with s-channel

embodying resonances above n=2 shell seems desirable and a work in that direction is in

progress.
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