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Abstract In view of the precise data available on inclusive polarized electron scattering off polarized proton
targets in the nucleon resonance excitation region, we compare these results with the coherent sum of resonant
contributions to the polarized structure function g1 and virtual photon asymmetry A1. To this goal, we employ
the nucleon resonance electroexcitation amplitudes determined for photon virtualities Q2 < 5.0 GeV2 from
analyses of the CLAS data on exclusive electroproduction off protons in the resonance region. Most of the well
established resonances of four star PDG status in the mass range up to 1.75 GeV are included. We find that
the resonance-like structures observed in the inclusive g1 data are related to the resonant contributions in the
entire range of photon virtuality Q2 where the data on g1 are available. In the range of invariant mass of the
final hadron system W > 1.5 GeV, the data on the asymmetry A1 are well reproduced even when accounting
for resonant contributions only, especially for the larger values of Q2 and energies analysed. This observation
offers an interesting hint to quark-hadron duality seen in polarized inclusive electron scattering observables.

1 Introduction

Inclusive electron scattering off protons and the exploration of its polarization observables offer an essential
means to obtaining insights about the ground proton structure [1–3]. The extension of these studies to the
resonance region will allow one to understand the proton structure at large values of the fractional parton
momentum x in the resonance region and eventually to shed light on the strong interaction dynamics which
underlies the transition from the strongly coupled to the perturbative QCD regimes, as well as the associated
characteristics of quark-hadron duality [4–12].

There have been impressive advances in measuring inclusive scattering of polarized electron beams
off polarized nucleon targets [13–20], which open the path to duality studies in spin-dependent observ-
ables [4,5,21–23]. In order to improve the theory approaches describing the connection between resonances
and scaling contributions, considerations need to be made about the role of the nonresonant background.
While such a quantitative description from first principles is rather challenging, insight may be obtained from
phenomenological analyses.
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The experimental program exploring exclusive π+n, π0 p, ηp, and π+π− p electroproduction channels
in the resonance region with the CLAS detector at Jefferson Lab has provided important new information on
the γ ∗ pN∗ electrocouplings of most nucleon resonances in the mass range W ≤ 1.75 GeV and for Q2 ≤
5 GeV2 [24–31]. These results allow one to quantitatively evaluate the coherent sum of resonant contributions
to inclusive electron scattering observables, using parameters of the individual nucleon resonances extracted
from data.

In our previous works [32–34], we confronted polarized and unpolarized inclusive electron-scattering data
with the computation of resonant contributions in the resonance region. In the present work, we include updated
data on the polarized structure function g1 [20] and the virtual photon asymmetry A1 [13–20]. In particular,
the latter have extended the coverage in Q2 and W in comparison with the data analyzed in our previous work,
therefore permitting more insightful conclusions about the behavior of this observable in the resonance region.

In Sec. 2 we give a brief summary of the formalism, referring to our previous work [34] for a detailed
description. The results of our computation compared with the available data are discussed in Sec. 3. In Sec. 4
we summarize our findings and give an outlook of these studies.

2 Formalism

The formalism used in the present work follows that thoroughly described in our previous article [34].
In terms of cross sections, the virtual photon asymmetries are given by [4,35,36]
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where σI is the real part of the interference amplitude for virtual photons with longitudinal and transverse
polarizations. The structure functions are then related to the virtual photon asymmetries via

g1 = 1

ρ2 F1

(
A1 + A2

√
ρ2 − 1

)
, (2a)

g2 = 1

ρ2 F1

(
− A1 + A2√

ρ2 − 1

)
, (2b)

with the kinematic factor ρ2 = 1 + Q2/ν2. Here, −Q2 is the 4-momentum transfer squared between the
electron and the proton, while ν is the virtual photon energy in the lab frame. It is related to the invariant mass
W of the virtual photon–target proton system via ν = (W 2 − M2 + Q2)/2M , where M is the nucleon mass.

The coherent sum of contributions from the resonances R to the inclusive structure functions can be written
as [4,22]
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for the spin-dependent structure functions, and
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Fig. 1 Proton g1 structure function data [20] (open black squares): a Q2 ≈ 1.10 GeV2, b Q2 ≈ 2.26 GeV2, c Q2 ≈ 3.18 GeV2,
d Q2 ≈ 4.51 GeV2, compared to the coherent (thick blue curves) and incoherent (thin blue curves) sum of resonance contributions.
The latter are computed at fixed Q2 corresponding to the average value of the binned data in each panel. The contributions
from individual N∗ and �∗ states are also shown separately. The uncertainties for the resonant contributions are computed by
propagating the electrocoupling uncertainties via a bootstrap approach [32]
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for the spin-averaged structure functions. The outer sums in Eq. (3) run over the possible values of the spin
J , isospin I , and intrinsic parity η, while the inner sums run over all resonances RI Jη that satisfy JR = J ,
IR = I and ηR = η for the spin, isospin and parity of the resonance R. The amplitudes GR+, GR−, and GR

0
describe the contribution from the electroexcitation amplitudes of the resonance R. They are related to the
γ ∗ pN∗ electrocouplings A1/2, A3/2, and S1/2 as detailed in Ref. [34]. The the γ ∗ pN∗ electrocouplings have
become available from the studies of exclusive meson electroproduction data with the CLAS detector within
the mass range of W < 1.75 GeV and for Q2 < 5.0 GeV2 [29,31,32,37].

3 Results

In Fig. 1, we compare the experimental results on the g1 inclusive structure function measured with CLAS
with the singled out resonant contributions, computed by employing resonance electroexcitation amplitudes
deduced from exclusive CLAS electroproduction data [29,31,32,37]. This is outlined in Sec. 2. We constrain
ourselves to the range of W < 1.8 GeV and Q2 < 5 GeV2 where the resonance electrocouplings are
currently available. Both the individual resonance contributions, as well as the coherent and incoherent sums
of resonances are shown. Since the fully inclusive structure function is given by resonant and non-resonant
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Fig. 2 A1 asymmetry data from the E143 experiment at SLAC [13] (green filled diamonds), the RSS collaboration [17,18] (red
filled triangles), as well as the CLAS experiments EG1a (green open triangles) [14], EG1DVCS (red open triangles) [19], and
EG1b (black closed squares) [20]: a Q2 ≈ 1.25 GeV2, b Q2 ≈ 2.03 GeV2, c Q2 ≈ 3.42 GeV2, d Q2 ≈ 4.09 GeV2, compared to
the computed purely resonant contributions (blue curves). The 1σ uncertainty bands of the resonant contributions are computed
by propagating the electrocoupling uncertainties via a bootstrap approach [32]

contributions, we are able to explore the evolution of both contributions with W and Q2. We find that non-
resonant contributions in the third resonance region (1.6 GeV < W < 1.8 GeV) increase with Q2, indicating a
transition to the partonic degrees of freedom in the ground proton state. Instead, in the second resonance region
(1.4 GeV < W < 1.6 GeV) the resonant contributions saturate the peak in the g1 structure function. This
points to the interplay between the resonant and non-resonant contributions, of interest for hadron structure
theory. The rapid fall-off with Q2 of the �(1232)3/2+ electroexcitation amplitudes makes the studies of g1
in the first resonance region particularly sensitive to the non-resonant contributions, or to the ground nucleon
parton behavior with fractional momenta x close to unity.

One can clearly see that the qualitative dips-and-peaks behavior in the W dependence of the inclusive
data is accounted for by the resonant contributions, in all Q2 bins. The dominant contribution in the first
resonance region is that of the �(1232) 3/2+, which in turn is driven by the G− amplitude (or by the A3/2
electrocoupling). According to Eq. (3), the contribution from the G− amplitude squared enters g1 with a minus
sign. This explains the negative values seen both in the g1 data around that peak, as well as in the purely
resonant contributions. For most of the remaining states, it is the G+ amplitude, related to the A1/2 resonance
electrocouplings, that dominates [32,34]. For this reason, the total resonant contributions to g1 display a sign
flip at W values between the first and second resonance peaks, as is also observed in the W -dependence of the
measured g1 data [20], as depicted in Fig. 1. Our analysis confirms that the resonance contributions are the
drivers of this behavior.

In Fig. 2, we show the computed resonance contributions to the virtual photon asymmetry A1, compared to
the data measured both with the large-acceptance CLAS detector and with other detectors of smaller acceptance
in the resonance region [13–20]. Since the asymmetry is defined by a cross-section ratio, the resonance structure
becomes elusive.

Nevertheless, it is intriguing to find that, for W > 1.5 GeV, the W and Q2 evolution of A1 seen in the data
is already rather well described by the inclusion of resonance contributions only. This points to a particular
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sensitivity of the A1 observable to the resonance contributions at W > 1.5 GeV. Such a behavior offers a hint
for quark-hadron duality seen in this inclusive polarized electron scattering observable. This finding motivates
the ongoing and future studies of resonance electrocouplings with the CLAS12 detector and a possible CEBAF
energy increase up to 22 GeV [38], in order to scrutinize whether this behavior holds for even larger Q2 values
and for the higher-mass states.

In addition, the studies presented here can and have been extended to g2 and A2, therefore calling for future
high-acceptance measurements of these observables.

4 Summary and Outlook

In these proceedings, we present the results on the exploration of the W and Q2 dependence of the coherent
and incoherent sums of nucleon resonance contributions to the spin-dependent g1 structure function and the
A1 virtual-photon asymmetry. These are evaluated from the experimental results on γ ∗ pN∗ electrocouplings
deduced from the analyses of exclusive meson electroproduction data. As input, we used the electroexcitation
amplitudes extracted from CLAS data in the mass range up to W = 1.75 GeV [29,31,32,37].

Our findings provide evidence that the sign-flip behavior in the g1 data is accounted for by the resonance
contributions. In addition, the results point to a particular sensitivity of the A1 observable to the resonant
contributions at W > 1.5 GeV. This calls for further measurements at larger values of Q2 and W , to investigate
up to which QCD scales the resonant states remain sizeable and relevant.

Further, the need to confirm the findings in this work for g2 and A2 gives clear motivation for future
large-acceptance measurements of these observables in experiments with polarized electron beams and for
both longitudinal and transverse target polarizations.

The codes to generate the results presented in this article are available online [39].
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