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Abstract We study the Gerasimov–Drell–Hearn (GDH)
sum rule within a dynamical coupled-channel approach, the
Jülich–Bonn model for light baryon resonances based on
fits to an extensive data base of pion and photon induced
data. Recently published photoproduction data for different
observables with πN and ηN final states are analyzed simul-
taneously with older data for the reactions πN → πN , ηN ,
K�, K� and γ p → πN , ηN , K�, K�. The impact of the
new data on the resonance spectrum is investigated and the
contribution of the individual channels to the GDH integral
is determined.

1 Introduction

The Gerasimov–Drell–Hearn (GDH) sum rule [1,2], derived
from fundamental principles of Quantum Field Theory,
allows to probe the widely discussed spin structure of the
nucleon experimentally [3–7]. While the value of the nucleon
spin is known, quantifying the individual contributions from
quarks and gluons remains a challenge. The GDH sum rule
relates the anomalous magnetic moment κN of the nucleon
to the integrated difference of the total helicity-dependent
photoproduction cross-sections �σ = σ3/2 − σ1/2, which
involves all possible photon-induced final states. The exper-
imental confirmation of the GDH sum rule poses a consid-
erable challenge: the measurement of �σ requires a circu-
larly polarized photon beam and a longitudinally polarized
nucleon target and the data have to be taken over a large
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energy range. Moreover, an inclusive measurement of all pos-
sible outgoing channels is not feasible in photoproduction, in
contrast to electroproduction processes. In Refs. [8,9], e.g.,
the proton spin structure was studied with polarized electron
beams by the CLAS Collaboation. Those measurements can
be extrapolated to the photon point at zero momentum trans-
fer using generalized GDH integrals obtained from chiral
effective field theory [10–14]. Dedicated experimental pro-
grams to confirm the GDH sum rule directly in photoproduc-
tion processes were carried out especially by the GDH Col-
laboration at MAMI and ELSA [15–17]. To date, photopro-
duction data for �σ , which is directly related to the double-
polarization E , are available for πN , ππN and ηN final
states. Predictions from theory or phenomenological models
can fill the gap of missing channels or energy regions not
covered by experiment. The single-pion contributions to the
GDH integral were calculated, e.g. within the GWU/SAID
[18,19] or the MAID [20] frameworks, the K� contribution
in Ref. [21] using an isobar model for K� photoproduction
off proton and neutron targets.

Especially valuable with regard to contributions of dif-
ferent hadronic final states are predictions from coupled-
channel approaches where multiple initial and final states are
analyzed simultaneously. Examples for such approaches are
the Bonn–Gatchina [22–24], Kent State [25], ANL/Osaka
[26,27] and Jülich–Bonn [28,29] models that extract the
spectrum of light baryon resonances in combined studies of
pion- and photon-induced reactions. The latter two models
fall into the class of so-called dynamical coupled-channel
approaches that employ the hadron exchange picture and
involve an integration over off-shell momenta in the scatter-
ing equation. See Ref. [30] for a recent review on dynamical
coupled-channel approaches.
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In this work, we determine the contributions of the chan-
nels π0 p, π+n, ηp, K+�0, K 0�+, and K+�0 to the GDH
sum rule for photoproduction processes off a proton target
within the Jülich–Bonn framework, including contributions
from channels for which no data on �σ are available. The
predictions are based on fits to an extensive pion- and photo-
production data base, including recently published data sets.
In addition, we provide updated values for the N∗ and �

resonance parameters.
The paper is organized in the following way: In Sect. 2 we

give a short overview of the theoretical formalism used in the
Jülich–Bonn model. In Sect. 3 we list the newly included data
sets and describe the numerical details of the fit. In Sect. 4
we present the updated fit results and discuss changes in pole
position of the extracted resonance spectrum. In Sect. 5 we
give a short introduction to the GDH sum rule and discuss
the different contributions of the two-body channels included
in our approach. Additional information is gathered in the
Appendix.

2 Theoretical framework

In this section, we give an overview of the Jülich-Bonn
dynamical coupled-channel (DCC) approach–for more details
on the theoretical framework, we refer to Refs. [28,31–33]–
and to the GDH sum rule.

2.1 Hadronic processes

The hadronic meson-baryon scattering is described by the
T -matrix Tμν and its dynamics is given by a Lippmann-
Schwinger-like equation which involves an integration over
intermediate off-shell momenta as shown in Eq. (2.1),

Tμν(p, p
′,W ) = Vμν(p, p

′,W )

+
∑

κ

∞∫

0

dq q2 Vμκ(p, q,W )Gκ (q,W ) Tκν(q, p′,W ) .

(2.1)

Here, W is the center-of-mass energy, q (p′, p) are the inter-
mediate (incoming, outgoing) momenta and Vμν denotes
the interaction potential for the incoming (outgoing) meson-
baryon channel ν (μ).

The current model includes the channels πN , ηN , K�,

K�, σN , ρN , π�. The latter three channels are used to
effectively parameterize the three-body channel ππN con-
sistent with the corresponding ππ and πN phase shifts
[34,35]. The sum in Eq. (2.1) runs over all intermediate chan-
nels κ with Gκ(q,W ) being the meson-baryon propagator.
The channel space was recently extended to include the pro-

cess πN → ωN in an analysis restricted to pion-induced
reactions [33]. The extension of the full model, comprising
pion- and photon-induced processes, to the ωN -channel is in
progress.

We emphasize that the real, dispersive parts of the ampli-
tude are taken into account, a prerequisite for retaining ana-
lyticity. Equation (2.1) is formulated in isospin and partial-
wave basis (corresponding indices suppressed for better read-
ability), where we include angular momenta up to J = 9/2.

The Lippmann-Schwinger equation is consistent with
two-body unitarity. Three-body unitarity is approximately
fulfilled in our approach, see, e.g., Ref. [36] for a mani-
festly three-body unitary framework. The scattering potential
Vμν in Eq. (2.1) is derived from an effective Lagrangian by
using time-ordered perturbation theory (TOPT). It is con-
structed of t- and u-channel exchanges of known mesons
and baryons and s-channel diagrams, which represent gen-
uine resonances, as well as phenomenological contact dia-
grams, which are used to absorb physics beyond the explicit
processes. For further details on the explicit form of the scat-
tering potential see Refs. [28,33].

The T -matrix can be decomposed into a pole part and a
non-pole part

T = T P + TNP . (2.2)

The non-pole part TNP is build of the potentials from the
t- and u-channel which constitute the non-pole part of the
potential VNP:

TNP
μν (p, p′,W ) = VNP

μν (p, p′,W )

+
∑

κ

∞∫

0

dq q2 VNP
μκ (p, q,W )Gκ (q,W ) TNP

κν (q, p′,W ) .

(2.3)

Note that the separation into a pole and non-pole part is
purely due to technical advantages and we define resonance
states as poles in the full T -matrix as further specified in
Sec. 4.2. The scattering equation Eq. (2.3) for the non-pole
part can dynamically generate poles which are not included
as genuine poles via s-channel terms. The pole part T P, on
the other hand, includes the s-channel pole terms and is also
evaluated from TNP using the prescription

T P
μν(p, p

′,W ) =
∑

i, j


a
μ,i (p) (D−1)i j (W ) 
c

ν, j (p
′) , (2.4)

where 
a
μ,i is the dressed vertex function which describes

the annihilation of the i-th resonance into channel μ, and

c

ν, j is the dressed vertex function for the creation of the j-th
resonance from the channel ν. The dressed resonance vertex
functions are constructed using TNP as shown in Eq. (2.5)
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below,


a
μ,i (p) = γ a

μ,i (p) +
∑

κ

∫ ∞

0
dqq2 TNP

μν (p, q,W )

Gκ(q,W ) γ a
κ,i (q) ,


c
ν, j (p

′) = γ c
ν, j (p

′) +
∑

κ

∫ ∞

0
dqq2 γ c

κ, j (q)

Gκ(q,W ) TNP
μν (q, p′,W ) ,

Di j (W ) = δi j (W − mb
i ) − �i j (W ) ,

�i j (W ) =
∑

κ

∫ ∞

0
dqq2 γ c

κ, j (q)Gκ (q,W ) 
a
μ,i (q) . (2.5)

In Eq. (2.4), D−1 is the propagator for s-channel resonances
related to the self-energies �i j as listed in Eq. (2.5). Here the
γ ’s are the bare vertex functions with explicit forms given in
Ref. [32,37] and mb

i are the bare mass parameters of the i-th
resonance.

The indices i, j = 1, 2, 3 characterize the s-channel state
(i, j = 1, 2) or phenomenological contact term (i, j = 3)
in a given partial wave. Whether one or two bare s-channel
states are included per partial wave is chosen as demanded
by the fit. The contact terms are included on the same foot-
ing as the genuine resonance terms due to technical reasons,
yet without inducing a pole in the amplitude. In the current
study we include a maximum of two s-channel states and
one contact term per partial wave. Note that relating a pole
in the amplitude unambiguously to a given s-channel term
is not possible, because of the highly nonlinear nature of
the approach. Related to that, a classification of “s-channel
poles” as genuine three-quark states and, in contrast, asso-
ciating a purely molecular nature to dynamically generated
poles is too simplistic. Instead one has to employ compos-
iteness or elementariness criteria as done in Refs. [38,39] in
the framework of the JüBo model.

The T -matrix can be used to evaluate observables which
can then be fitted to experimental data. See Refs. [31,32,37]
for explicit expressions of cross section and polarization
observables. The normalised, dimensionless partial-wave
amplitude τ is directly related to T by

τμν = −π
√

ρμρν Tμν , (2.6)

where ρ is the kinematical phase factor

ρκ = pκ

W
Eb,κEm,κ ,

with Eb/m,κ =
√

p 2 + M2
b/m,κ the on-shell energy of the

baryon/meson in channel κ and pκ is the corresponding on-
shell three-momentum.

2.2 Photoproduction processes

To include photoproduction processes, the Jülich-Bonn DCC
approach was extended in a semi-phenomenological way in
Ref. [31]. Here the electric and magnetic photoproduction
multipole amplitudes M are given by

Mμγ (p,W ) = Vμγ (p,W )

+
∑

κ

∞∫

0

dq q2 Tμκ(p, q,W )Gκ (q,W )Vκγ (q,W ).

(2.7)

The channel index γ denotes the initial channel of γ N
with a real photon (Q2 = 0), and μ (κ) are the final
(intermediate) meson-baryon channel. Note that Tμκ in
Eq. (2.7) is the hadronic T -matrix of Eq. (2.1) with the
off-shell momentum q and the on-shell momentum p and
Gκ is the same hadronic two-body propagator as in he
channel space for meson-baryon pairs currently includes
κ = (πN , ηN , K�, K�,π�) and will be complemented
once the approach is extended to two pion or vector meson
photoproduction. A similar parameterization was recently
applied to virtual photons (Q2 �= 0) using the Jülich-Bonn-
Washington (JBW) framework for electroproduction reac-
tions [40–43], which includes the Jülich-Bonn amplitude as
input at the photon point at Q2 = 0.

In Eq. (2.7) the photoproduction potential Vμγ is given by

Vμγ (p,W ) = αNP
μγ (p,W ) +

∑

i

γ a
μ,i (p)γγ,i (W )

W − mb
i

, (2.8)

where γ a
μ,i denotes the bare meson-baryon-to-resonance ver-

tex function (same as in Sec. 2.1) and γγ,i is the photon-to-
resonance vertex function. The photon-vertex γγ,i is param-
eterized phenomenologically via a polynomial function in
the energy W and includes free parameters for each gen-
uine s-channel state. The non-pole part of Eq. (2.7) αNP

μγ is
also parameterized by energy-dependent polynomials which
introduce additional fit parameters depending on the partial
wave and the final hadronic state. This polynomial parame-
terization is numerically advantageous to a field-theoretical
description (as done e.g. in Ref. [44]). Further details on the
explicit forms of γγ,i and αNP

μγ are given in Ref. [31].

2.3 GDH sum rule

The Gerasimov–Drell–Hearn (GDH) sum rule is based on
fundamental physics principles such as Lorentz invariance,
crossing symmetry, gauge invariance, unitarity, causality and
rotational invariance. It was originally formulated in Refs. [1,
2] and provides a general relation between the difference of
the helicity-dependent photoproduction cross sections �σ =
σ3/2 − σ1/2 and the anomalous magnetic moment κ of the
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target particle:

IGDH =
∫ ∞

E0
γ

dEγ

�σ(Eγ )

Eγ

= 4π2Sακ2

M2 (2.9)

where M is the mass of the target particle, S is its spin, E0
γ the

pion-photoproduction threshold and α = e2/4π is the fine-
structure constant in terms of the electromagnetic coupling
constant e.

In the current study we only consider proton targets, the
extension of the JüBo model to include neutron photopro-
duction is planned for the future. The anomalous magnetic
moment for the proton is given by κp = μp − 1 ≈ 1.793μN

[45] with the nuclear magneton μN . With that the right-hand
side of Eq. (2.9) evaluates to I pGDH = 204.78µb.

The JüBo coupled channel approach allows us to calculate
the contributions to this sum rule of theπN ,ηN , K� and K�

channels individually. The numerical results of this study will
be presented in Sect. 5. Similar analyses were done in Ref.
[19] for single pion photoproduction channels, and there are
also analyses considering ηN , ππN or KY channels such as
Refs. [4,21,46]. While the JüBo approach includes effective
ππN channels in the purely hadronic amplitude, no ππN
photoproduction data are taken into account yet. Therefore
we cannot determine the contribution of this channel to the
GDH sum rule directly. We discuss this further at the end of
the result section.

3 Determination of the free model parameters

3.1 Database

The data included in this study are listed in Table 1. Ref-
erences to all considered pion and photon induced data can
be found online [47]. Note that for the elastic πN channel
we do not fit directly to data but use the partial-wave ampli-
tudes of GWU/SAID WI08 analysis [48]. We use the energy-
dependent solution in steps of 5MeV from πN threshold up
to W = 2400MeV which leads to the number of fitted points
for the elastic πN channel quoted in Table 1. The photopro-
duction data sets were mainly obtained from the GWU/SAID
[49] and BnGa webpages [50].

For the process γ p → π0 p we include recent data for the
double polarization observable E , which was published by
CLAS [51]. Since the observable E is closely related to �σ

by the relation

d�σ

d�
= −2

dσ0

d�
E , (3.1)

its inclusion is important for the determination of the contri-
bution of the π0 p channel to the GDH sum rule. Previously
published data sets on E or �σ in γ p → π0 p, π+n, ηp from

MAMI [52–55], CBELSA [23,56,57], and CLAS [58,59] are
also included in the fit.

In this study we also include new data on the double
polarization observable G for single pion photoproduction
off the proton published by the CLAS Collaboration [60].
This increases the data base for this observable considerably,
especially for the π+n channel (from 86 to 303 data points).

New data on d�σ/d� were also recently published by
the A2 Collaboration at MAMI [61]. This data together with
the solution of this study is shown in Figs. 8 and 9 in the
Appendix. Although we did not include this dataset in the
current fit because it was published shortly after the major
part of the simulations was completed, we achieve a good
data description.

Furthermore, we included recent η-photoproduction data
from the LEPS2/BGOegg collaboration for the differen-
tial cross section dσ/d� and the photon beam asymme-
try � [62]. These data cover a large polar angle region
−1 < cos θc.m. < 0.6. Note that the beam asymmetry data
for center of mass energies above 2.1GeV was covered for
the first time in that work.

In addition also the recent polarization data for γ p →
K 0�+ by CLAS [63] were included. An earlier JüBo fit to
those data was already presented in Ref. [63].

3.2 Numerical details

We perform a χ2 minimization to fit the free model param-
eters to the experimental data using MINUIT [64] on the
JURECA-DC supercomputer at the Jülich Supercomputing
Center [65]. The free parameters are the same as in our pre-
vious analysis JüBo2022 [29]:

• 134 for the 21 s-channel diagrams of Eq. (2.5) (bare
masses and couplings to the pertinent channels)

• 61 from phenomenological contact terms of Eq. (2.5)
(bare couplings)

• 764 parameters directly connected to the photon interac-
tion of Eq. (2.8) (coefficients of the polynomials).

More details on the free parameters can be found in Ref. [29].
It should be noted that even though we always use the full
data base to determine the parameter values, we cannot fit
all parameters simultaneously due to the complexity of the
model and numerical limitations. The majority of the large
number of parameters originates from the polynomial param-
eterization of the photoproduction amplitude and does not
induce resonance poles in the scattering matrix Tμν . While
the number of parameters of this class is not predetermined
by the model and likely not all of them are indispensable, this
flexibility can be regarded as an advantage because it helps to
keep the number of genuine s-channel states at a minimum.
A possible way to reduce the number of parameters system-
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Table 1 Data included in the fit with new data sets highlighted in red. A full list of references to the different experimental publications can be
found online [47]

Reaction Observables (# data points) # data p./channel

πN → πN PWA GW-SAID WI08 [48] (ED solution) 8396

π− p → ηn dσ/d� (676), P (79) 755

π− p → K 0� dσ/d� (814), P (472), β (72) 1358

π− p → K 0�0 dσ/d� (470), P (120) 590

π− p → K+�− dσ/d� (150) 150

π+ p → K+�+ dσ/d� (1124), P (551) , β (7) 1682

γ p → π0 p dσ/d� (18721), � (3287), P (768), T (1404), �σ31 (140),

G (393+198) [60], H (225), E (1227+495) [51], F (397), Cx ′
L

(74), Cz′L (26) 27,355

γ p → π+n dσ/d� (5670), � (1456), P (265), T (718), �σ31 (231),

G (86+217) [60], H (128), E (903) 9674

γ p → ηp dσ/d� (9112+320) [62], � (535+80) [62], P (63), T (291), F (144), E (306), G (47), H (56) 10,954

γ p → K+� dσ/d� (2563), P (1663), � (459), T (383), Cx ′ (121), Cz′ (123), Ox ′ (66), Oz′ (66), Ox (314), Oz (314) 6,072

γ p → K+�0 dσ/d� (4381), P (402), � (280) T (127), Cx ′ (94), Cz′ (94), Ox (127), Oz (127) 5632

γ p → K 0�+ dσ/d� (281), P (188) , � (21), T (21), Ox (21), Oz (21) 553

in total 73,171

atically could be by using model selection tools such as the
LASSO method [66–68] which is planned for the future.

Experimental systematic errors are usually only avail-
able for the more recent data sets. They are included as
angle-independent normalization factors, as done in the
GWU/SAID analysis [69]. We consider an additional 5%
uncertainty for older data sets on top of the statistical one to
account for systematic errors.

As can be seen in Table 1, the number of data points for
different channels and observables varies significantly. This
leads to small data sets being mostly ignored in the χ2 min-
imization. To allow smaller data sets to have an impact, we
introduce weights in the χ2. This procedure is typical for the
kind of analyses of this type [22,45,58,70,71].

To perform a proper statistical error analysis, one would
have to study the propagation of systematic and statistical
uncertainties from the experimental data to the extracted
baryon resonance parameters, by also taking into account
covariance matrices, which poses a considerable numerical
challenge that is beyond the scope of the current work. We
note that until now this has not been carried out in a rigorous
way by any of the coupled-channel analysis groups.

Instead, we follow the procedure of our previous stud-
ies [29,72] to qualitatively estimate the uncertainties of the
resonance parameters from re-fits with a modified param-
eterization of our model by including additional s-channel
states. For example in each of the 16 partial waves with zero
or one s-channel resonance in the original fit, we include
an additional genuine state and perform re-fits of all free
parameters as given above. We use the maximal deviation
from the original resonance parameter values in these re-fits

as our estimated uncertainties. As there was no significant
improvement of the data description in these re-fits, we can
conclude that none of the additional s-channel states has to
be included in the original parameterization of the model.
This procedure gives us a qualitative estimation of relative
uncertainties for the resonance parameters. We consider this
a compromise since a rigorous error analysis is not possible
in the present study.

4 Results

4.1 Fit results for new data sets

In Figs. 1, 2, 3, 4, 5 we present the current fit result, solution
“JüBo2025”, for the newly included data sets, in comparison
to the result of our previous study JüBo2022 [29]. We list the
χ2-values of these new data sets in Table 2.

The new data on the double polarization observable E for
the process γ p → π0 p only lead to minor improvements,
since the previous fit result was already in good agreement
(Fig. 1).

For the double polarization observable G, we find slight
improvements for the process γ p → π0 p, especially at
higher energies, see Fig. 2. But for the process γ p → π+n
we achieve strong improvements, c.f Fig. 3. This can be
explained by the considerable increase in number of data
points, which was more than tripled.

The new data for the reaction γ p → ηp lead to an
improvement in the description of backward angles at ener-
gies above 2GeV as presented in Figs. 4 and 5. Note that for
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Table 2 χ2-values per number of data points (#) and weights used in the weighted fit for the newly included datasets presented in Figs. 1, 2, 3, 4, 5

Reaction Observable (#) χ2/# Weight

γ p → π0 p E (495) [51] 1.62 60

G (198) [60] 1.57 100

γ p → π+n G (217) [60] 3.02 130

γ p → ηN dσ/d� (320) [62] 0.85 60

� (80) [62] 0.63 90

the observable � the data for energies above 2.1GeV was
covered for the first time, which explains the large overall
improvement with respect to the 2022 solution.

4.2 Resonance spectrum

Resonances are defined as poles on the unphysical Riemann
sheet of the full scattering matrix T in the complex energy
plane. The analytic properties, sheet structure, cuts and the
analytic continuation of the amplitude to the second sheet
within our model are described in detail in Ref. [73].

We use the normalised residues to quantify the coupling
strengths of individual states to hadronic channels. The def-
inition of normalised residues within our framework is in
agreement with that of the Particle Data Group (PDG) [45]
and can be found in Ref. [28]. In Ref. [74] a novel approach is
presented to relate the complex residues to the more intuitive
branching fractions. A determination of branching ratios for
baryon resonances along those lines is planned for the future.
Our method to calculate the residues of the complex poles
can be found in the appendix of Ref. [37]. For the coupling of
the γ N channel to the resonances we use the PDG conven-
tion to define the so-called photocouplings at the pole. The
explicit definition can be found in Ref. [31].

In Tables 3 and 4 we present the pole positions W0 and
the residues of the states found in this study. The photo-
couplings at the pole are listed in Table 5. We compare the
values with the results from the JüBo2022 study [29]. We
also list PDG [45] values, if an estimate is given. We find all
4-star resonances for I = 1/2 and I = 3/2 up to J = 9/2,
except for the N (1895)1/2+. This resonance is not needed
in our present study. As mentioned in Ref. [75], this reso-
nance was found to be important for the description of the
near threshold η′N data. This suggests that once the JüBo
analysis is extended to the η′N channel, it will be seen if the
N (1895)1/2+ is needed. Such an extension is planned for
the future. There are also a few resonance states with a lower
star rating that we find within our analysis.

Compared to our previous analysis JüBo2022 [29] we
find no new resonance states but observe some significant
changes in the resonance parameters. Those differences are
discussed in the following. The different partial waves L2I 2J

are labeled with reference to the πN channel as specified in
Table 11 of Ref. [28]. For the individual resonance states we
follow the naming scheme of the PDG [45].

Changes in the N∗ resonance spectrum

The two S11 resonance states N (1535)1/2− and N (1650)1/2−
originate from bare s-channel states. Compared to the
JüBo2022 values, the normalized residue of the N (1535)1/2−
for the channel K� decreased significantly. However, since
the N (1535)1/2− lies relatively far below the K� thresh-
old, this normalized residue is difficult to determine. For the
N (1650)1/2− the uncertainties for the residues are smaller
than before and also the pole position is similar as in
JüBo2022.

In the P11 partial wave we find the poles of the N (1440)1/2+
and N (1710)1/2+ resonances. The former state is the famous
Roper resonance, which is dynamically generated in the
Jülich model, predominantly by correlated 2π exchange with
ρ quantum numbers combined with strong contributions
from the σN channel [34,35]. The main difference in this
partial wave to the 2022 values is that the N (1710)1/2+
shifted in the real part further away from the PDG estimate.
The nucleon ground state is also included in this partial wave
as a bare s-channel state with its bare mass and πN cou-
pling normalized so that the dressed quantities are fixed to
the physical values [32].

The P13 partial wave has two s-channel induced poles,
the N (1720)3/2+ and N (1900)3/2+. For the N (1720)3/2+
we find a smaller width and all residues are lower than in
JüBo2022. The N (1900)3/2+ is found to have a significantly
broader width and a larger magnitude of the photocoupling
A3/2 at the pole in the present study. In the JüBo2022 study
[29], we observed that these two resonances have a high
impact on the γ p → ηp data by turning off the correspond-
ing couplings. This is still the case in the present study, the
N (1900)3/2+ residue into ηN even increased. This is also
visualized in the Appendix in Fig. 11.

The 4-star resonance N (1520)3/2− is observed in the
D13 partial wave. Given that this well-established state had
small uncertainties in previous JüBo analyses, the change
in the pole position in the current study is noticeable, espe-
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Fig. 1 Current fit results (red) and 2022 fit [29] (blue) for comparison for the double spin polarization observable E for the process γ p → π0 p.
Data from [51]. The numbers in each plot denote the center of mass energy in MeV

cially for the imaginary part. As in the JüBo2022 [29] anal-
ysis we see further indications for a dynamically generated
N (1875)3/2− at 1914(1)−i 343(2) MeV, but its width of
686 MeV is still significantly larger than the estimate of the
PDG [45] of 160 ± 60 MeV. The influence of such a broad
state on the physical axis, and for that the data, is very limited.

We observe the N (1675)5/2− in the D15 partial wave
which originates from an s-channel state. For this resonance
the real part of the pole position changed and the elastic
residue as well as the normalised residue into the ηN channel
decreased.

In the F15 partial wave we find the s-channel resonance
N (1680)5/2+ but without any significant change in the res-
onance parameters.

The N (1990)7/2+ can be observed in the F17 wave. The
changes compared to the 2022 values are within uncertainties
except for the elastic πN residue, which is, however, very
small and therefore diffic We also find that this resonance
has a large influence on the ηp data, which is in accordance
with its large ηN residue. This is shown in the appendix
in Fig. 12. Although this state has only a 2-star rating by

the PDG, we can confirm our observation in the JüBo2022
analysis that the N (1990)7/2+ has significant influence in
the energy range of its pole position and also confirm the
relatively small imaginary part. Based on this observation
we propose an upgrade to a 3-star rating.

The G17 features the N (2190)7/2− resonance. We notice
a significant decrease in the width compared to the JüBo2022
result while still getting an acceptable fit to the πN par-
tial waves of the GWU/SAID [48]. We already observed
this change after the inclusion of the new polarization data
for K 0�+ photoproduction [63], the resonance parameters
remain stable with regard to the latter analysis. Our width is
in clear disagreement with the PDG estimate. We also find a
smaller photocoupling A3/2 for this resonance.

In theG19 partial wave we have one pole, the N (2250)9/2−.
Here the pole position changed in real and imaginary part
but all pole parameters have a high uncertainty in our current
analysis. We also notice a significant shift in the photocou-
pling A1/2.

For the H19 we can find again only one pole, the
N (2220)9/2+. For this one the real part decreased signif-
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Fig. 2 Current fit results (red) and 2022 fit [29] (blue) for comparison for the double polarization observable G for the process γ p → π0 p. Data
from [60]. The numbers in each plot denote the center of mass energy in MeV

icantly, but also carries a large uncertainty on the pole posi-
tion. We also notice a significant smaller photocoupling A1/2.

Changes in the � resonance spectrum

The S31 partial wave features the well-established resonance
�(1620)1/2−. The moderate changes in the parameters are
mostly accompanied by higher uncertainties of the residues
and agree with the 2022 values.

The P31 features only the �(1910)1/2+. The large width
increased significantly in the present study compared to 2022
and is further away from the PDG estimate. The photocou-
pling at the pole A1/2 also changed significantly but has a
higher uncertainty.

In the P33 we have the �(1232) as well as the two reso-
nances �(1600) and the �(1920). While the pole parameters
of the �(1232) are very similar to our previous study, the
width of the �(1600) changed more clearly. As in 2022 the
�(1920) is very broad and we cannot claim much evidence
for this state.

In the D33 we find the �(1700)3/2−. Here the real part
of the pole position and the width both increased and have
a lower uncertainty. Also the πN residue as well as all nor-
malised residues increased significantly.

For the D35 we have the �(1930)5/2− as the only s-
channel pole. Here the only significant change is in the width
in its current analysis.

The F35 features the �(1905)5/2+ as the only resonance
pole. For this, the real part of the pole position changed
slightly but its width significantly.

In the F37 and G37 partial waves we observe two poles
each without significant changes compared to the JüBo2022
analysis.

One s-channel diagram is included in the G39 partial wave
which induces the �(2400)9/2− pole. Here the real part of
the pole position was found to be higher than 2.5 GeV and
the width was significantly smaller than in 2022. Also all the
residues increased significantly in the current analysis.
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Table 3 We list extracted resonance parameters of the I = 1/2
resonances: Pole positions W0 (
tot defined as -2ImW0), elas-
tic πN residues (|rπN |, θπN→πN ), and the normalized residues
(
√


πN
μ/
tot, θπN→μ) for the inelastic reactions πN → μ with

μ = ηN , K�, K�. We show the results of the present study (“2025”)
and the JüBo2022 results (“2022”) for comparison [29] and the esti-
mates from the Particle Data Group [45] (“PDG”), if available, as well
as the PDG star rating

Re W0 −2Im W0 |rπN | θπN→πN



1/2
πN


1/2
ηN


tot
θπN→ηN



1/2
πN


1/2
K�


tot
θπN→K�



1/2
πN


1/2
K�


tot
θπN→K�

[MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg]
fit

N (1535) 1/2− 2025 1504 (1) 78 (2) 20 (1) −27 (1) 55 (1) 128 (0) 22 (1) −56 (1) 6.7 (1.3) 79 (9)

2022 1504 (0) 74 (1) 18 (1) −37 (3) 50 (3) 118 (3) 26 (2) −67 (3) 28 (2) 92 (3)

**** PDG 1510 ± 10 110+20
−30 25 ± 10 −20 ± 20 – – – – – –

N (1650) 1/2− 2025 1671 (2) 127 (3) 42 (1) −54 (2) 24 (1) 39 (3) 17 (0) −73 (2) 27 (1) −61 (2)

2022 1678 (3) 127 (3) 59 (21) −18 (46) 34 (12) 71 (45) 26 (10) −40 (46) 41 (15) −21 (47)

**** PDG 1665 ± 15 135 ± 35 45+10
−20 −70+20

−10 – – – – – –

N (1440) 1/2+ 2025 1359 (1) 213 (2) 61 (1) −99 (1) 8.4 (0.4) −32 (2) 6.2 (1.8) 140 (4) 0.9 (1.4) −23 (9)

2022 1353 (1) 203 (3) 59 (2) −104 (4) 8.4 (0.4) −28 (4) 2.5 (0.9) −92 (86) 0.2 (0.5) −32 (154)

**** PDG 1370 ± 10 175 ± 15 50 ± 4 −90 ± 10 – – – – – –

N (1710) 1/2+ 2025 1588 (5) 113 (9) 3.4 (0.7) −115 (4) 21 (1) 86 (2) 14 (2) −157 (4) 4.7 (0.4) 161 (3)

2022 1605 (14) 115 (9) 5.5 (4.7) −114 (57) 28 (26) 91 (63) 20 (19) −144 (77) 5.5 (4.8) 162 (305)

**** PDG 1700 ± 20 120 ± 40 7+3
−4 190+80

−70 – – – – – –

N (1720) 3/2+ 2025 1720 (2) 166 (4) 4.8 (3.7) −16 (43) 2.5 (1.6) 99 (32) 1.2 (0.3) −71 (31) 1.2 (0.9) 107 (37)

2022 1726 (8) 185 (12) 15 (2) −60 (5) 4.9 (0.9) 64 (10) 3.4 (0.4) −101 (8) 5.9 (1) 82 (6)

**** PDG 1680+30
−20 200+200

−50 15 ± 10 −110 ± 50 – – – – – –

N (1900) 3/2+ 2025 1904 (1) 141 (1) 1.1 (0.3) −93 (4) 2.2 (0.2) −2 (4) 4.2 (0.3) −62 (3) 1.5 (0.2) −79 (8)

2022 1905 (3) 93 (4) 1.6 (0.3) 44 (21) 1.0 (0.3) 55 (29) 2.9 (0.6) 5.4 (18.6) 1.3 (0.3) −40(18)

**** PDG 1920 ± 20 130+30
−40 4 ± 2 −10 ± 30 – – – – – –

N (1520) 3/2− 2025 1496 (1) 102 (6) 26 (5.2) −17 (4) 1.8 (0.8) 68 (9) 2.9 (7.4) 140 (15) 3.1 (20) −36 (4)

2022 1482 (6) 126 (18) 27 (21) −36 (48) 2.1 (1.8) 34 (53) 2.6 (1.9) 127 (47) 1.0 (1.2) 94 (68)

**** PDG 1510 ± 5 110+10
−5 35 ± 3 −10 ± 5 – – – – – –

N (1675) 5/2− 2025 1644 (1) 117 (2) 14 (5) 13 (16) 3.5 (1.0) −9 (16) < 0.1 (0.0) −65 (49) 2.2 (0.5) −144 (16)

2022 1652 (3) 119 (1) 22 (1) −17 (2) 6.3 (0.9) −39 (2) < 0.1 (0.2) 174 (161) 2.4 (0.2) −166 (5)

**** PDG 1655 ± 5 135 ± 15 26+6
−4 −22 ± 5 – – – – – –

N (1680) 5/2+ 2025 1663 (5) 114 (3) 46 (18) −41 (12) 0.1 (0.1) −44 (110) 0.9 (0.3) −121 (15) 0.1 (0.2) −49 (196)

2022 1657 (3) 120 (2) 36 (1) −31 (1) 0.6 (0.7) 118 (2) 0.6 (0.1) −119 (3) < 0.1 (0.2) −46 (29)

**** PDG 1670 ± 10 120+15
−10 40 ± 5 −20 ± 10 – – – – – –

N (1990) 7/2+ 2025 1851 (6) 82 (10) 0.18 (0.02) −99 (4) 5.2 (0.4) −50 (3) 0.1 (0.1) −62 (190) 0.7 (0.3) −64 (4)

2022 1861 (9) 72 (5) 0.16 (0.01) −119(4) 4.8 (0.2) −43 (4) 0.4 (0.1) 133 (4) 1.0 (0.3) −54 (4)

** PDG – – – – – – – – – –

N (2190) 7/2− 2025 1943 (8) 161 (2) 15 (1) −45 (1) 2.9 (0.3) −52 (1) 3.6 (0.5) −62 (1) 1.1 (0.2) −71 (2)

2022 1965 (12) 287 (66) 18 (7) −45 (27) 2.1 (1) −65 (29) 2.6 (1.4) −78 (30) 0.5 (0.2) −92 (31)

**** PDG 2050 ± 100 400 ± 100 40 ± 20 0 ± 30 – – – – – –

N (2250) 9/2− 2025 2194 (43) 374 (65) 21 (10) −45 (12) 3.8 (1.7) −62 (14) 0.1 (0.1) −76 (204) 1.1 (0.7) −76 (13)

2022 2095 (20) 422 (26) 14 (2) −67 (17) 1.8 (0.2) −89 (9) 0.3 (0.1) 80 (9) 0.4 (0.4) −111 (9)

**** PDG 2150 ± 50 420+80
−70 25+5

−10 −40 ± 20 – – – – – –

N (2220) 9/2+ 2025 2009 (46) 367 (41) 30 (4) −52 (16) 2.3 (0.2) −89 (13) 1.4 (0.3) −106 (15) 0.2 (0.2) −122 (199)

2022 2131 (12) 388 (12) 48 (10) −13 (3) 4.2 (1.1) −48 (4) 2.0 (0.5) −60 (4) 0.3 (1.6) −70 (4)

**** PDG 2150+50
−20 400+80

−40 45+15
−10 −40+30

−20 – – – – – –
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Fig. 3 Current fit results (red) and 2022 fit [29] (blue) for comparison for the double polarization observable G for the process γ p → π+n. Data
from [60]. The numbers in each plot denote the center of mass energy in MeV

5 GDH sum rule

Based on these fit results we calculate the individual chan-
nel contributions to the GDH sum rule. Since a numerical
evaluation of the left-hand side of the integral in Eq. (2.9)
with an upper limit of infinity is not possible, one defines the
so-called running GDH integral as

I pGDH(Eγ ) =
∫ Eγ

E0
γ

dE ′
γ

�σ(E ′
γ )

E ′
γ

. (5.1)

where I pGDH is now a function of the upper limit of the integral
Eγ .

In Fig. 6 we show the individual channel contributions to
this running GDH integral from the present analysis with
the corresponding uncertainties extracted from the refits
described in Sect. 3.2. The black dashed line represents the
sum of all channels, and the horizontal dotted line the right
hand side value of the GDH sum rule of I pGDH = 204.78µb.
The main contribution is given by the π0 p channel, followed
by π+n.

The 6 channel contributions to the GDH sum rule for the
highest energy are given by the following values:

I pGDH(π0 p) = 147 ± 7 µb ,

I pGDH(π+n) = 29 ± 15 µb ,

I pGDH(ηp) = −8.8 ± 0.1 µb ,

I pGDH(K+�0) = 0.80 ± 0.05 µb ,

I pGDH(K 0�+) = −0.12 ± 0.05 µb ,

I pGDH(K+�0) = 1.42 ± 0.05 µb ,

I pGDH(all) = 170 ± 19 µb . (5.2)

As for the resonance parameters we determine the uncer-
tainties of the contributions to the GDH sum rule for the
different channels as explained in 3.2. As a consequence of
this, the uncertainties of the individual channels are neces-
sarily correlated. Therefore, the uncertainty of the sum of all
channels is determined by the respective spread of the sum
of the integrals.

The contribution of the two single pion channels deter-
mined in Ref. [19] was 183.4 µb. The π0 p-channel con-
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Fig. 4 Current fit results (red) and 2022 fit [29] (blue) for comparison for the differential cross section for the process γ p → ηp. Data from [62].
The numbers in each plot denote the center of mass energy in MeV

Fig. 5 Current fit results (red)
and 2022 fit [29] (blue) for
comparison for the photon beam
asymmetry � for the process
γ p → ηp. Data from [62]. The
numbers in each plot denote the
center of mass energy in MeV
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Table 4 We list extracted resonance parameters of the I = 3/2
resonances: Pole positions W0 (
tot defined as -2ImW0), elastic πN
residues (|rπN |, θπN→πN ), and the normalized residues πN → K�

and πN → π� with the number in brackets indicating L of the

π� state. We show the results of the present study (“2025”) and the
JüBo2022 results (“2022”) for comparison [29] and the estimates from
the Particle Data Group [45] (“PDG”), if available, as well as the PDG
star rating

Pole position πN Residue K� channel π�, channel (6) π�, channel (7)

Re W0 −2Im W0 |rπN | θπN→πN



1/2
πN


1/2
K�


tot
θπN→K�



1/2
πN


1/2
π�


tot
θπN→π�



1/2
πN


1/2
π�


tot
θπN→π�

[MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg]
fit

�(1620) 1/2− 2025 1601 (2) 79 (1) 17 (3) −72 (19) 18 (3) −65 (20) – – 51 (9) (D) 133 (19)

2022 1607 (4) 85 (5) 12 (2) 126 (4) 11 (2) −120 (5) – – 32 (2) (D) 81 (2)

**** PDG 1600 ± 10 110 ± 30 15 ± 5 −100 ± 20 – – – – – –

�(1910) 1/2+ 2025 1813 (6) 653 (25) 27 (21) 129 (306) 0.5 (1.4) −100 (40) 15 (12) (P) −3 (63) – –

2022 1802 (11) 550 (22) 35 (25) 93 (14) 0.2 (0.4) 138 (19) 24 (18) (P) −42(14) – –

**** PDG 1850 ± 50 350 ± 150 25 ± 5 −90+180
−90 – – – – – –

�(1232) 3/2+ 2025 1215 (1) 92 (0) 48 (0) −39 (0)

2022 1215 (2) 93 (1) 50 (2) −39 (1)

**** PDG 1210 ± 1 100 ± 2 50+2
−1 −46+1

−2

�(1600) 3/2+ 2025 1598 (1) 111 (1) 6.0 (0.8) −110 (4) 9.5 (1.6) 8 (4) 22 (4) (P) 87 (5) 0.6 (0.1) (F) −31 (9)

2022 1590 (1) 136 (1) 11 (1) −106 (2) 14 (1) 14 (2) 30 (3) (P) 87 (3) 0.4 (0.04) (F) −62 (9)

**** PDG 1520+70
−50 280+40

−30 25 ± 15 210+40
−30 – – – – 1 ± 0.5 –

�(1920) 3/2+ 2025 1857 (15) 875 (4) 60 (8) −28 (19) 25 (2.1) 82 (13) 8.0 (0.8) (P) −74 (13) 3.3 (0.5) (F) 96 (18)

2022 1883 (4) 844 (10) 41 (5) 11 (7) 20 (2) 104 (4) 5.7 (0.5) (P) −48 (5) 2.0 (0.3) (F) 147 (7)

*** PDG 1900 ± 50 300 ± 100 25 ± 10 −100 ± 50 – – – – – –

�(1700) 3/2− 2025 1663 (4) 354 (13) 47 (13) −11 (20) 3.1 (0.7) −164 (15) 7.7 (1.7) (D) 148 (19) 59 (15) (S) 146 (19)

2022 1637 (64) 295 (58) 15 (23) −13 (147) 0.7 (1.5) −176 (320) 3.8 (7.8) (D) 127 (254) 20 (29) (S) 146 (266)

**** PDG 1665 ± 25 250 ± 50 25 ± 15 −20 ± 20 – – – – – –

�(1930) 5/2− 2025 1835 (11) 485 (20) 20 (2) −123 (7) 0.7 (0.1) 28 (6) 11 (2.6) (D) 47 (6) 1.2 (0.1) (G) 147 (6)

2022 1821 (4) 447 (13) 15 (3) −108 (9) 1.0 (0.2) 49 (9) 12 (3) (D) 64 (7) 0.8 (0.2) (G) 148 (4)

*** PDG 1850 ± 30 320+130
−20 14 ± 6 −50+40

−50 – – – – – –

�(1905) 5/2+ 2025 1722 (4) 264 (11) 5.1 (3.5) −65 (18) 0.3 (0.2) −179 (356) 1.8 (1.3) (F) 47 (19) 9.4 (3.2) (P) −105 (22)

2022 1707 (1) 127 (8) 3.7 (1.0) −92 (12) 0.2 (0.03) 154 (11) 1.7 (0.3) (F) 18 (15) 10 (1) (P) −109 (14)

**** PDG 1770+30
−20 300 ± 40 20 ± 5 −45+15

−75 – – – – – –

�(1950) 7/2+ 2025 1871 (1) 170 (7) 38 (3.3) 8 (9) 1.9 (0.5) −43 (8) 45 (4) (F) 168 (8) 2.9 (0.2) (H) 47 (9)

2022 1875 (1) 166 (3) 27 (2) 1.1 (2.0) 2.0 (0.3) −40 (7) 30 (54) (F) 166 (2) 5.1 (0.7) (H) −11 (2)

**** PDG 1880 ± 10 240 ± 20 52 ± 8 −32 ± 8 – – – – – –

�(2200) 7/2− 2025 1978 (7) 327 (12) 7.3 (0.5) −76 (3) 0.0 (0.0) 64 (3) 0.4 (0.1) (G) 100 (18) 18 (1.1) (D) 100 (4)

2022 1963 (2) 328 (3) 6.8 (0.6) −80 (2) < 0.1 (0.03) −123 (2) 0.3 (0.1) (G) 152 (5) 16 (1) (D) 100 (2)

*** PDG 2100 ± 50 340 ± 80 – – – – – – – –

�(2400) 9/2− 2025 2517 (49) 86 (37) 25 (2) 6 (6) 4.5 (3.4) 15 (7) 65 (29) (G) 16 (7) 12 (8) (I) 154 (11)

2022 2458 (3) 280 (2) 5.4 (5) 8.4 (33) 0.4 (0.6) 17 (30) 10 (11) (G) 17 (23) 1.9 (0.5) (I) −120 (49)

** PDG – – – – – – – – – –

tribution was ∼ 155 µb and the π+n-channel contributed
∼ 30 µb. Comparing this to our calculated contributions,
we observe that our π+n contribution is in good agreement
while our π0 p channel is giving a slightly smaller contribu-
tion. We also observe a relatively large uncertainty in these
two channels, especially for π+n where less data is available.

To better visualize the small contributions of the channels
ηp, K+�0, K 0�+ and K+�0, we add a zoomed-in version
in Fig. 7 and present all channels separately in Fig. 10 in
the Appendix. We can observe that the ηp channel is nega-
tive and provides the main contribution to these higher lying
channels. However, compared to the πN channels the other
four have only a marginal contribution of ∼ −6.69µb and
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Table 5 We list the photocouplings at the pole (Ah
pole, ϑh) of the

I = 1/2 (left) and I = 3/2 resonances (right). We show the results
of the present study (“2025”) and the JüBo2022 results (“2022”) for

comparison [29]. The uncertainties quoted in parentheses provide a
rather rough estimate as explained in the text

A1/2
pole ϑ1/2 A3/2

pole ϑ3/2 A1/2
pole ϑ1/2 A3/2

pole ϑ3/2

[10−3

GeV−1/2]
[deg] [10−3

GeV−1/2]
[deg] [10−3

GeV−1/2]
[deg] [10−3 GeV−1/2] [deg]

fit fit

N (1535) 1/2− 2025 90 (2) −1 (2) �(1620) 1/2− 2025 30 (11) 58 (12)

2022 84 (5) −12 (3) 2022 11 (4) 57 (24)

N (1650) 1/2− 2025 34 (3) −2 (5) �(1910) 1/2+ 2025 −164
(128)

−5 (352)

2022 39 (10) −0.2 (27) 2022 −446 (72) −70 (21)

N (1440) 1/2+
(a) 2025 −99 (15) −18 (4) �(1232) 3/2+ 2025 −128 (5) −18 (3) −246 (3) 1 (1)

2022 −90 (13) −30 (5) 2022 −126 (4) −18 (3) −245 (7) −0.7 (1.7)

N (1710) 1/2+ 2025 −18 (2) 37 (10) �(1600) 3/2+ 2025 9 (4) 11 (45) −10 (6) 105 (43)

2022 −18 (19) 40 (109) 2022 25 (10) 0.5 (5.9) −6.0 (2.6) 62 (63)

N (1720) 3/2+ 2025 24 (10) 48 (13) −26 (8) −24 (13) �(1920) 3/2+
(a) 2025 245 (30) −28 (9) 475 (52) 10 (10)

2022 39 (7) 60 (10) −25 (7) −5.7 (13) 2022 138 (12) −8.9 (3.9) 252 (14) 14 (3)

N (1900) 3/2+ 2025 6 (1) 49 (21) −39 (2) −28 (3) �(1700) 3/2− 2025 244 (53) 17 (11) 337 (67) −4 (13)

2022 9.1 (2.7) 80 (23) −7.7 (3.4) −42 (23) 2022 163 (120) −4.4 (78) 221 (185) −12 (79)

N (1520) 3/2− 2025 −19 (3) −34 (8) 102 (12) 17 (4) �(1930) 5/2− 2025 218 (18) 162 (24) 240 (31) 173 (10)

2022 −43 (25) −47 (20) 112 (64) 1.8 (37) 2022 104 (18) 129 (16) 322 (44) 142 (7)

N (1675) 5/2− 2025 35 (5) 17 (6) 36 (4) 15 (8) �(1905) 5/2+ 2025 75 (61) −67 (40) −373 (308) 94 (16)

2022 25 (4) −1.2 (7.8) 51 (4) −1.0 (3.7) 2022 55 (8) −159 (3) −168 (40) 172 (1.7)

N (1680) 5/2+ 2025 −8 (2) 119 (23) 133 (34) −31 (8) �(1950) 7/2+ 2025 −33 (7) −67 (6) −59 (8) −70 (5)

2022 −17 (6) 70 (14) 95 (6) −57 (7) 2022 −31 (4) −81 (7) −45 (4) −89 (4)

N (1990) 7/2+ 2025 −14 (3) −74 (20) −14 (3) 107 (15) �(2200) 7/2− 2025 72 (17) −134 (8) 65 (13) −174 (7)

2022 −30 (16) −135 (25) −18 (11) 53 (32) 2022 104 (22) −139 (3) 21 (25) −180 (39)

N (2190) 7/2− 2025 −13 (2) 11 (15) 20 (7) 161 (15) �(2400) 9/2− 2025 15 (9) −102 (52) 22 (22) 156 (23)

2022 −15 (8) 111 (17) 62 (22) 179 (26) 2022 21 (14) −67 (23) 22 (14) 122 (14)

N (2250) 9/2− 2025 −33 (8) 2 (19) 58 (20) 121 (20)

2022 −108 (14) 112 (7) 50 (22) 69 (16)

N (2220) 9/2+ 2025 74 (46) −78 (17) −185 (37) −14 (16)

2022 357 (39) −91 (7) −273 (50) −102 (6)

even lower the sum of all channels. In some other studies as,
e.g., Refs. [4,21,46,76] all of those four channels give neg-
ative contributions. This is not the case in our study, as can
be seen for K+�0 and K+�0. Note that no data on �σ or
E is available for the KY channels yet. The corresponding
predicted values for the GDH integral may therefore be sub-
ject to even greater uncertainties than suggested by the error
band.

The full sum of all channels saturates to the value
I pGDH(all) = 170±19µb. This leaves a difference to the right
hand side value of �I pGDH = 35 ± 19 µb to the central value
of our sum (black dashed line in Fig. 6), which likely corre-
sponds to contributions of channels not considered explicitly
in the JüBo model, first and foremost the ππN channel that
exhibits a large total cross section at energies beyond the

�(1232) region. Contributions from other missing channels
like ωN or η′N are likely less significant. For example, in
the coupled-channel analysis of Ref. [76] a contribution of
less than 1 µb was found for the ωN channel.

This hypothesis is supported by other analyses. In Ref.
[19] the contributions of π0 p and π+n to the GDH-sum
rule were determined and they found a missing contribu-
tion of ∼ 21µb. In a direct measurement of two-pion pho-
toproduction in Ref. [77], the contribution of the channel
γ p → π0π+n was found to be only (11.3 ± 0.7 ± 0.7) µb,
but only for photon energies up to Eγ = 800 MeV. As men-
tioned by the authors, this contribution did not saturate yet
at that energy. In contrast, in the analyses of Refs. [4,78]
a contribution of the ππN channel over the full energy
range was found to be I pGDH(ππN ) = 28µb and in Ref.
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Fig. 6 Running GDH integral I pGDH as in Eq. (5.1) for the different
channels with their respective errorbands. The black horizontal line
shows the value of I pGDH = 204.78µb calculated from PDG values.
The black dashed line with the grey errorband shows the sum of all
channels

Fig. 7 Zoom into the running GDH integral I pGDH as in Eq. (5.1) for the
different channels for better visualization of the higher lying channels

[76] I pGDH(ππN ) = 21µb. Considering our uncertainties on
I pGDH(all) such values would be enough to reproduce the right
hand side of the GDH sum rule of I pGDH = 204.78µb in our
analysis. Thus, we conclude that our missing contribution is
indeed originating from the missing ππN -channel. Once the
model is extended to 2π photoproduction off the nucleon, we
will be able to verify this assumption quantitatively.

In our analysis the GDH integrals for all significant chan-
nels, namely πN and ηN , are converged already at 2 GeV,
which is still in the range where data are available. While
the predicted integral for the strangeness channels, K� and
K�, seems not to be converged to full extent, their overall
contribution is only marginal. The convergence of the inte-
gral is in contrast to various studies of the contribution to
the GDH integral from the energy range beyond 2.5 GeV
employing Regge theory [6,79–81], e.g. the last of these ref-
erences quotes a value as large as (−15 ± 2) μb. How these
results can be reconciled with the phenomenology reported
here remains to be seen.

6 Summary and outlook

In this study, we presented an updated fit result with new
data sets for γ p → π0 p, π+n and ηp using the Jülich-Bonn

dynamical coupled-channel model. The current analysis uses
more than 73, 000 data points and we fit pion- and photon-
induced reactions simultaneously. The spectrum of N∗ and �

resonances was extracted as complex poles on the unphysical
Riemann sheet.

The new ηp data from LEPS2/BGOegg collaboration led
to an improved description of the backwards peak above
2 GeV. The current fit also improved a lot for the double polar-
ization G for the reaction γ p → π+n, since our database for
this observable was more than tripled by the new dataset from
CLAS.

Based on this fit result, we extracted the individual chan-
nel contributions to the GDH sum rule for the proton. We
found that the channels ηp, K+�0, K 0�+, and K+�0 all
together only contribute marginally compared to the πN con-
tributions. The channels considered in this analysis saturates
the GDH sum rule to 83%. The missing part is most probably
from the ππN channels not included in this evaluation.

We plan to extend our model to include photoproduction
processes on neutron targets in the near future and also extract
the GDH sum rule contributions for these processes.
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Appendix A: New data for �σ

In Figs. 8 and 9 one can see the new data from the A2/MAMI-
collaboration [61] and the solution of the present study. Note
that this dataset was not included in the fit. Still, the data are
described well.

Fig. 8 Solution JüBo2025 (red) for the helicity dependent differential
cross section from Ref. [61] for the process γ p → π0 p. (Data not
included in the fit.) The numbers in each plot denote the center of mass
energy in MeV

Fig. 9 Solution JüBo2025 (red) for the helicity dependent differential
cross section from Ref. [61] for the process γ p → π0 p. (Data not
included in the fit.) The numbers in each plot denote the center of mass
energy in MeV
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Appendix B: Individual channel contributions for run-
ning GDH-integral

In Fig. 10 we show the individual channel contributions
to the running GDH-integral for the six final channels
π0 p, π+n, ηp, K�, K 0�+, K+�0 together with their indi-
vidual errorbands. The y-axis is scaled such that the error-
band is better visible compared to Figs. 6 and 7.

Fig. 10 Individual channel contributions to the running GDH integral
I pGDH as in Eq. (5.1) with errorbands

Fig. 11 Current fit results (red) and the same solution without allowing
P13 poles to couple to ηN (blue) for the newly included data sets from
Ref. [62]. The numbers in each plot denote the center of mass energy
in MeV

Appendix C: Influence of specific poles on newly included
ηp data sets

For the two P13 poles we observe a large impact on the ηp
data sets that were newly included in the current study. This
is shown in Fig. 11. We show analogously the effect of the
F17 pole N (1990)7/2+ on the new ηp-dataset in Fig. 12.
Note that the scale for the observable dσ/d� in the first two
rows is set to logarithmic scale such that the impact of the
N (1990)7/2+ can actually be seen. This large impact for the
lowest energy bins is explained by the pole position of the
N (1990)7/2+ at 1851 MeV.

123



Eur. Phys. J. A           (2025) 61:241 Page 17 of 19   241 

Fig. 12 Current fit results (red) and the same solution without allowing
the F17 pole to couple to ηN (blue) for the newly included data sets from
Ref. [62]. Note that the scale for the observable dσ/d� in the first two
rows is set to log-scale. The numbers in each plot denote the center of
mass energy in MeV
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