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Nucleon resonance contributions to unpolarized inclusive electron scattering
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The first CLAS12 experiments will provide high-precision data on inclusive electron scattering observables at
a photon virtuality Q2 ranging from 0.05 to 12 GeV2 and center-of-mass energies W up to 4 GeV. In view of this
endeavor, we present the modeling of the resonant contributions to the inclusive electron scattering observables.
As input, we use the existing CLAS electrocoupling results obtained from exclusive meson electroproduction
data off protons, and evaluate for the first time the resonant contributions based on the experimental results on
the nucleon resonance electroexcitation. The uncertainties are given by the data and duly propagated through a
Monte Carlo approach. In this way, we obtain estimates for the resonant contributions, important for insight into
the nucleon parton distributions in the resonance region and for the studies of quark-hadron duality.
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I. INTRODUCTION

Studies of inclusive electron scattering off nucleons rep-
resent an important avenue in the exploration of the nucleon
structure. The global analysis [1–5] (see also the reviews in
Refs. [6–8]) has delivered detailed information on the parton
distribution functions of the nucleon (PDFs) for all quark
flavors and gluons in the Bjorken variable range of 10−4 <

x < 1. In particular, the Jefferson Lab inclusive electron scat-
tering data [9–12] had a major impact on the contemporary
knowledge of the PDFs contributing to the large-x data in
the nucleon resonance region [9,13,14]. Due to its near 4π

angular coverage, the Continuous Electron Beam Accelera-
tor Facility (CEBAF) large acceptance spectrometer (CLAS)
detector offers a unique possibility of obtaining the inclusive
structure functions F2(x, Q2) in a very broad range of x (or W )
at a given photon virtuality Q2. This is particularly important
in the resonance region, due to the presence of several res-
onant structures in the observable kinematics, which makes
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it challenging to use the typical interpolation of F2(x, Q2)
structure functions over x at fixed Q2. A compilation of the
data for the unpolarized structure functions and inclusive cross
sections together with a tool for the interpolation between bins
is available online from the CLAS database [15–17]. This
tool covers the range 1.07 � W � 4 GeV and 0.5 � Q2 �
7 GeV2. It uses the data and fits thereof [9,11] for the interpo-
lation and extrapolation to regions outside the data coverage.
The structure function F1(x, Q2) was obtained from the data
on F2(x, Q2), assuming the parametrization in Refs. [9,18]
for the longitudinal over transverse cross-section ratio RLT . In
this work, we update RLT to the more recent parametrization
described in Ref. [19], based on data from the ZEUS and H1
experiments [20–22]. The online tool is particularly useful for
the analyses of the CLAS12 experiments, which will reach
the largest Q2 coverage ever achieved in the resonance region,
also for the inclusive data [23].

There is a strong interest in studying the structure functions
at large x within the resonance region, since this range is
dominated by contributions from valence quarks and there
are several theoretical predictions for the PDFs in the limit of
x → 1 that need to be validated [24–28]. Furthermore, recent
developments of novel approaches to PDFs using Euclidean
concepts [29–32] make it possible to calculate in lattice QCD
quantities that should converge to the measured PDFs. The
PDFs in the resonance region were also evaluated with the
help of quark-hadron duality [10,33–36], which relates the
inclusive structure functions averaged over individual
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resonance widths to the continuum evaluated using the
deep inelastic scattering (DIS) region. Quark-hadron duality
has been shown to approximately work even at Q2 as low as
1 GeV2 [10].

In the past years, the CLAS experiments on exclusive
meson electroproduction [37–43] coupled with sophisticated
analysis models [44–48] enabled the determination of indi-
vidual nucleon resonance contributions to electro-production
by measuring, for the first time, nucleon resonance transverse
A1/2, A3/2 and longitudinal S1/2 electroexcitation amplitudes
(also referred to as the γv pN∗ electrocouplings).

As of now, the photocouplings of most of the excited
nucleon states in the mass range up to 2 GeV have been well
determined [49,50]. Furthermore, the γv pN∗ electrocouplings
in the mass range up to 1.8 GeV were determined by CLAS for
a Q2 range up to 5.0 GeV2 from the N π [38,46], N η [51–53],
and π+π− p [45,47,48] channels, and have been made avail-
able online [54]. The consistency of the results in the different
channels supports their extraction [48]. In addition, substantial
evidence of a new baryon state N ′(1720) 3/2+ has been found
recently [39,43].

It is of ever growing importance to consistently include
the effects of the resonant and nonresonant (background)
contributions into a single framework. This is possible with a
combined study of exclusive and inclusive electron scattering
data: the exclusive reactions offer us insight into the Q2

evolution of the resonance electrocouplings; these can then be
used as input for the computation of the resonant contributions
to the inclusive cross sections.

The availability of γv pN∗ electrocoupling data on indi-
vidual nucleon resonances makes it possible to evaluate the
resonant contributions to the inclusive electron scattering
observables, which is the goal of the present work. We use
a relativistic Breit-Wigner ansatz to estimate the resonant
contributions to the inclusive electron scattering unpolarized
cross sections, which relate to the unpolarized structure func-
tions. As input, the known masses and widths of the reso-
nances are used, as well as the experimental information on
electrocouplings from CLAS. This allows us to single out
the resonant contributions to the inclusive electron scattering
observables. We emphasize that this information is obtained
from the exclusive meson electroproduction data off protons
and is independent of the inclusive measurements. Therefore,
it can also be used to estimate the nonresonant part of the
inclusive electron scattering. In a next step, as one moves
toward higher W (lower x) this will allow one to determine
the transition between resonant and nonresonant contributions
and consequently between resonance bound valence quarks
and asymptotically free partons. The results of the present
work are very timely, since with the CLAS12 experiments
the input from exclusive reactions will be extended further,
and at the same time more data will be available on inclusive
reactions, with higher precision.

The paper is organized as follows. In Sec. II, we discuss
the formalism on using exclusive reactions to estimate the
resonant contributions to inclusive electron scattering. We
show the results for the resonant contributions to the structure
function F2 from the inclusive CLAS data in Sec. III. There,
we also show the resonant contributions to the transverse,

TABLE I. Values used for resonance masses, widths, branch-
ing fractions β, and quantum numbers, based on the RPP Breit-
Wigner values [56], with modifications to the N (1720) 3/2+ and
�(1700) 3/2− states due to the inclusion of the new N ′(1720) 3/2+

state. See the text for discussion of the residual branching fractions
βr . The values of the inverse radii X for each resonance are also
shown, following Ref. [44].

N∗ Mr �r Lr βπN βηN βr. X
(MeV) (MeV) (GeV)

�(1232) 3/2+ 1232 117 1 1.00 0 0
N (1440) 1/2+ 1430 350 1 0.65 0 0.35 0.3
N (1520) 3/2− 1515 115 2 0.60 0 0.40 0.1
N (1535) 1/2− 1535 150 0 0.45 0.42 0.13 0.5
�(1620) 1/2− 1630 140 0 0.25 0 0.75 0.5
N (1650) 1/2− 1655 140 0 0.60 0.18 0.22 0.5
N (1675) 5/2− 1675 150 2 0.40 0 0.60 0.5
N (1680) 5/2+ 1685 130 3 0.68 0 0.32 0.2
�(1700) 3/2− 1700 293 2 0.10 0 0.90 0.22
N (1710) 1/2+ 1710 100 1 0.13 0.30 0.57 0.5
N (1720) 3/2+ 1748 114 1 0.14 0.04 0.82 0.5
N ′(1720) 3/2+ 1725 120 1 0.38 0 0.62 0.5

longitudinal, and unpolarized full inclusive cross sections,
which in the present framework can be duly evaluated from
the transverse and longitudinal γv pN∗ electrocoupling values
without the need of parametrizing RLT . In Sec. IV, we summa-
rize our findings and discuss their applicability, also in view
of the upcoming experimental results.

II. FORMALISM

In order to describe the contributions of the N∗ and �∗
resonances to the observables in inclusive e− p scattering, we
include the information on the γv pN∗ electrocouplings of the
resonances with masses below 1.8 GeV from CLAS [54,55].
Apart from the resonances whose existence is certain (marked
as four stars in the Review of Particle Physics (RPP) [56]),
we include the new N ′(1720) 3/2+ state [39,43], since the
used CLAS electrocouplings were obtained accounting for its
contribution. The resonances and their properties, as used in
this work, are listed in Table I.

The resonant contributions to the transverse (σ R
T ) and lon-

gitudinal (σ R
L ) inclusive virtual photon-proton cross sections

from a resonance of mass Mr , total width at the resonant point
�r = �tot(W = Mr ), and spin Jr can be described using the
relativistic Breit-Wigner formula [47]

σ R
T,L(W, Q2) = π

q2
γ

∑
N∗

(2Jr + 1)
M2

r �tot(W )�γ
T,L(Mr, Q2)(

M2
r − W 2

)2 + M2
r �2

tot(W )
,

(1)

with the following kinematics:

qγ =
√

Q2 + E2
γ , Eγ = W 2 − Q2 − M2

N

2W
, K = W 2 − M2

N

2W
.

(2)

Here Eγ and qγ are the virtual photon energy and mag-
nitude of its three-momentum in the center-of-mass frame,
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respectively, and K is the equivalent photon energy. As usual,
q2 = −Q2 is the 4-momentum squared of the virtual photon,
while W is the virtual photon-proton system’s center-of-mass
energy. The computation of the energy dependence of the total
width �tot(W ) is explained in the paragraph below. The reso-
nance electromagnetic decay widths to the final states with
transversely (�T

γ ) and longitudinally (�L
γ ) polarized photons

at the resonant point are given by

�T
γ (W = Mr, Q2) = q2

γ ,r (Q2)

π

2MN

(2Jr + 1)Mr

× [|A1/2(Q2)|2 + |A3/2(Q2)|2],

�L
γ (W = Mr, Q2) = 2

q2
γ ,r (Q2)

π

2MN

(2Jr + 1)Mr
|S1/2(Q2)|2, (3)

with qγ ,r = qγ |W =Mr
. The electrocouplings A1/2(Q2),

A3/2(Q2), and S1/2(Q2) are taken from the CLAS results
summarized in Refs. [42,69] and world data [56,62–68].
For consistency with the electrocoupling normalization,
the electrocouplings of the �(1620) 1/2−, �(1700) 3/2−,
N (1720) 3/2+, and N ′(1720) 3/2+ resonances, extracted
from double-pion electroproduction off protons, need to
include an additional factor qγ /K in both the electromagnetic
widths of Eq. (3), and a factor 1/2 in the longitudinal width.

In order to compute the energy dependence of the reso-
nance total decay width, we split it into three pieces, to take
into account the decays into the two main two-body channels,
πN and ηN , and the remainder, which includes ππN and all
other final states. The hadronic decay widths to these final
states at the resonant points are computed as the products of
the total decay widths from the RPP [56] and the respective
branching fractions β, summarized in Table I. For the res-
onance decays into the πN and ηN final states, we use the
central values of the respective branching fractions employed
in the extraction of the γv pN∗ electrocouplings from exclusive
πN electroproduction data [38,46]. The branching fractions
for the decays into the remaining channels βr. are evaluated as

βr. = 1 − βπN − βηN . (4)

For those resonances which decay preferentially into
the ππN final states, �(1620) 1/2−, �(1700) 3/2−, and
N (1720) 3/2+, the values of βr. obtained in this way are in
good agreement with the branching fractions for resonance
decays into the ππN final states used in the extraction of the
γv pN∗ electrocouplings from π+π− p CLAS data [39,40,48].
Furthermore, as mentioned above, we include the candidate
baryon state N ′(1720) 3/2+, suggested in the analysis of
the CLAS π+π− p photo-/electroproduction data off protons
[39]. It is needed in order to enable describing the data
in the third resonance region such that the masses and the
hadronic decay parameters are independent of Q2. For this
state, the branching fraction for the decay into the ππN
final state is available from the analysis in Ref. [39]. We
assume the remaining decay width for this resonance to be
saturated by πN . Due to the different hadronic decays of the
conventional N (1720) 3/2+ and the N ′(1720) 3/2+ candidate,
the interference between these states is negligible.

The W dependence of the total and partial resonance decay
widths is determined by the centrifugal barrier penetration and
can be parametrized as [44]

�tot(W ) = �πN (W ) + �ηN (W ) + �r.(W ), (5)
where

�π (η)N (W ) = �r βπ (η)N

(
pπ (η)(W )

pπ (η)(Mr )

)2Lr+1

×
(

X 2 + pπ (η)(Mr )2

X 2 + pπ (η)(W )2

)Lr

,

�r.(W ) = �r βr.

(
pππ (W )

pππ (Mr )

)2Lr+4

×
(

X 2 + pππ (Mr )2

X 2 + pππ (W )2

)Lr+2

, (6)

and

pπ (η)(W ) =
√

E2
π (η)(W ) − m2

π (η),

Eπ (η)(W ) = W 2 + m2
π (η) − M2

N

2W
,

pππ (W ) =
√

E2
ππ (W ) − 4m2

π ,

Eππ (W ) = W 2 + 4m2
π − M2

N

2W
. (7)

Note that an effective parametrization of the multibody decays
is used [44]. The values of Lr are shown in Table I, as are the
values of X , which are taken from the best fit in Refs. [44].
An exception is made for the well-isolated �(1232) 3/2+
resonance, whose width is fully described by the πN decay
in the following way [47]:

�πN (W ) = �r
Mr

W

J2
L [R pπ (Mr )] + N2

L [R pπ (Mr )]

J2
L [R pπ (W )] + N2

L [R pπ (W )]
, (8)

where the interaction radius R was set to 1 fm. The func-
tions JL and NL are the conventional Bessel and Neumann
functions. In terms of the resonant electroproduction cross
sections the unpolarized inclusive cross section is given by
[11]

σ R
U (W, Q2) = σ R

T (W, Q2) + εT σ R
L (W, Q2), (9)

εT =
(

1 + 2
ν2 + Q2

Q2
tan2 θe

2

)−1

, (10)

where the electron scattering angle θe is written in terms of the
electron beam energy Eb as

sin2 θe

2
= Q2

4Eb(Eb − ν)
, (11)

and ν is the energy transferred by the virtual photon

ν = W 2 − M2
N + Q2

2MN
. (12)

The transverse polarization parameter of the virtual photon
εT is fully determined by the electron scattering kinematics.
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Comparing Eq. (9) with the standard definition of the structure
functions one finally obtains [57]

F R
1 (x, Q2) = KW

4π2α
σ R

T ,

F R
2 (x, Q2) = KW

4π2α

2x

1 + Q2

ν2

(
σ R

T + σ R
L

)

= KW

4π2α

2x

1 + Q2

ν2

1 + RLT

1 + εT RLT
σ R

U , (13)

where x = Q2

2MN ν
and RLT = σL/σT .

We use the interpolation/extrapolation tools developed by
CLAS [55] for the central values of the electrocouplings.
For the electrocoupling error bands, the error at each point
is obtained by interpolating between the error bars of the
experimental Q2 bins [54]. As for the regions of Q2 that are not
covered by the resonance electrocoupling data, we assume the
relative uncertainty to be the same as the one of the data point
at highest Q2. Note that this is only an extrapolation estimate,
and therefore the results outside the data range in Q2 need to
be taken with care. Furthermore, the data for �(1620)1/2−,
N (1720) 3/2+, N ′(1720) 3/2+, and �(1700) 3/2− cover only
the small range of Q2 < 1.5 GeV2, as opposed to the other
resonances with a range of Q2 < 5 GeV2. For the resonances
with small Q2 range coverage, there are preliminary estimates
of the central electrocoupling values [43] based on the good
description of the π+π− p electroproduction data off protons
from CLAS at 2.0 < Q2 < 5.0 GeV2 [58–60]. We give a
conservative extrapolation uncertainty estimate for these reso-
nance electrocouplings of at least 20% (when the relative error
as calculated above is smaller). The electrocoupling curves in
the Q2 range used in this work are shown in Figs. 1–3, and
compared to electrocoupling world data [38,39,47–49,51–53,
61–70].

For the propagation of the electrocoupling uncertainties to
the observables, we use a bootstrap based approach. First,
at a given Q2 we randomly generate 104 samples of values
for each of the resonance electrocouplings, distributed as
Gaussians according to their central value and error shown
in Figs. 1–3. This sample size is chosen in order to obtain
statistical significance. Then we use the generated sample of
electrocouplings to calculate 104 values of the observables.
As is conventional, for the final observables we show the
1σ uncertainty band, given by the 68% of sample which lie
closest to the average value.

III. RESULTS AND DISCUSSION

Within the approach described in Sec. II, we evaluate
the resonant contributions to inclusive virtual photon-proton
unpolarized cross sections and to their transverse and longi-
tudinal parts, as well as to the inclusive structure function
F2, in the range 1.07 � W � 1.8 GeV that covers the three
resonance regions. We also give predictions for inclusive
electron scattering observables.

In Fig. 4, we display the central values of the transverse and
unpolarized cross sections for different Q2, decomposed into
the contributions from each individual resonance. Although

the resonances clearly cluster into three regions, one can see
that each of them displays tails that give important contribu-
tions also to the neighboring regions. Therefore, a reliable
extraction of the resonance parameters requires the analysis
of the observables measured in a wide W interval overlapping
with the neighboring resonance regions.

We first discuss the transverse cross section. The
�(1232) 3/2+ represents a single contributor to the first
resonance region, 1.07 � W � 1.4 GeV, but a tail from the
N (1440) 1/2+ also affects the cross section there at Q2 >

2.5 GeV2. Furthermore, it becomes increasingly relevant at
higher Q2, since the �(1232) 3/2+ electrocouplings decrease
with Q2 much faster than those of the N (1440) 1/2+ [17].

The transverse resonant cross sections in the sec-
ond resonance region, 1.4 � W � 1.6 GeV, are determined
by the contributions from N (1520) 3/2−, N (1535) 1/2−,
and the broad N (1440) 1/2+. The contribution from the
N (1520) 3/2− decreases with Q2 faster than that from
N (1535) 1/2−, making the N (1535) 1/2− the largest con-
tributor at Q2 > 2.0 GeV2. The slow decrease of the
N (1535) 1/2− electrocouplings with Q2 [54] results in an
increase with Q2 of its relative contribution to the transverse
cross sections.

The third region, 1.6 � W � 1.8 GeV, is composed by sev-
eral overlapping resonances, the largest contributions coming
from the N (1680) 5/2+ and the N ′(1720) 3/2+ candidate.
The tail from the N (1535) 1/2− state becomes increasingly
important in the generation of the resonant cross sections
in the third resonance region at higher Q2. Therefore, the
knowledge on the electrocouplings of the N (1535) 1/2− in
the second region plays an important role in describing the
third region. The peak in the W dependencies of the sum of
contributions to the transverse cross sections at W ≈ 1.7 GeV
comes from the contribution of the candidate N ′(1720) 3/2+.
When removing it, the peak becomes a shoulder for the whole
range of Q2 analyzed.

In Fig. 5, the total sum of all resonance contributions to the
transverse σ R

T and unpolarized σ R
U virtual photon-proton cross

sections is shown for an electron beam energy of 10.6 GeV,
and compared with representative examples of unpolarized
cross-section data [15,17]. Note that the CLAS F2 data were
extracted from the measured differential cross sections via the
parametrization in Ref. [9] for the ratio Rold

LT . We opt to use
an updated version for Rnew

LT as in Ref. [19], based on H1 and
ZEUS data [20–22]. In order to do so, we use the interpolated
F old

2 data [17], and transform them into the update version
F new

2 via the appropriate relation

F new
2 = Rnew

LT + 1

Rold
LT + 1

εT Rold
LT + 1

εT Rnew
LT + 1

F old
2 . (14)

The unpolarized cross-section data are transformed accord-
ingly. Note that the choice of the new RLT parametrization
leads to a slight change in the unpolarized cross-section data,
especially in the second and third resonance regions and larger
Q2 bins. However, the difference is smaller than the 1σ theory
bands.

We discussed above how the different resonances cluster
into three regions, which correspond to the three peaks in
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FIG. 1. Electrocouplings of the �(1232) 3/2+, N (1440) 1/2+, N (1520) 3/2−, N (1535) 1/2−, and �(1620) 1/2−. The left column shows
A1/2 and the right column shows S1/2, while the central column shows A3/2 when applicable. The data are from the RPP [56], CLAS [47–49,
51–53,69], the E94014 experiment [62], MAMI [66], MIT/Bates [64], Hall A [63,65] and Hall C [67].
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FIG. 2. Electrocouplings of the N (1650) 1/2−, N (1675) 5/2−, N (1680) 5/2+, �(1700) 3/2−, and N (1710) 1/2+. The left column shows
A1/2 and the right column shows S1/2, while the central column shows A3/2 when applicable. The data points are from the RPP [56], CLAS
[38,49,70], a MAID analysis [68], and Hall A [63].
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FIG. 3. Electrocouplings of the N (1720) 3/2+ and N ′(1720) 3/2+. The left column shows A1/2 and the right column shows S1/2, while the
central column shows A3/2. The data points are from the RPP [56] and CLAS [39,49].

W observed in the unpolarized cross sections. The transverse
resonant part gives the largest contribution to the resonant
cross sections. The size of the longitudinal part increases
with W , but overall does not exceed 30% of the total cross
section in the kinematical region shown in Fig. 5. Hence,
the shapes of the resonant contributions to unpolarized and
transverse cross sections are similar, and they both clearly
show three separate peaks. The unpolarized resonant cross
sections show a pronounced evolution with Q2: both the first
and the third regions show a stronger fall-off with Q2 than the
second peak. In particular, in the first region at Q2 = 1 GeV2,
the resonant contribution is responsible for about 70% of the
cross section; at Q2 = 4 GeV2 it accounts for less than 40%.
In contrast, in the second region the resonant contributions
remain almost unchanged with Q2, at the level of 80%, mainly
due to the slow evolution with Q2 of the N (1535) 1/2− A1/2

electrocoupling. In the third region, the resonant contribution
decreases from 90% to 50% within the aforementioned Q2

range. This suggests that the different excited nucleon states
display distinctively different structural features in the Q2

evolution of their electrocouplings, further underlining the
results in Fig. 4. Therefore, in order to explore the strong QCD
dynamics underlying the generation of the ground and excited
nucleon states, the results on electrocouplings of all prominent
nucleon resonances are needed.

In the future our results on the resonant longitudinal
contributions could be compared to the longitudinal virtual
photon-proton cross sections. These can be inferred from the
Hall C data at Jefferson Lab on inclusive electron scattering
cross sections [14,71], which provide the information on the
RLT ratio. The knowledge of the resonant contributions to
the longitudinal cross section offers new opportunities in

accessing gluon distributions at x within the resonance region
[72].

First experiments with the CLAS12 detector in Hall B at
Jefferson Lab started in the spring of 2018. The expected
results will extend the available data on inclusive electron
scattering in the resonance region to high photon virtualities
of Q2 > 4.5 GeV2 [23]. The predicted virtual photon-proton
cross sections based on the interpolation/extrapolation of
the experimental results [17] and the resonant contributions
estimated as described in Sec. II are shown in Fig. 6. The
uncertainties are computed for the expected inclusive electron
scattering event statistics collected in the spring 2018 run of
integrated luminosity 12.8 μb−1 [15], and for the kinematic
grid bin sizes �W = 0.01 GeV and �Q2 = 0.1 GeV2. The
expected statistical precision of the data is in the range 0.2–
2.0%, suggesting that the data uncertainties will be mostly
determined by the measurement systematics. The computed
resonant contributions allow us to elucidate the role of nu-
cleon resonances in the measured inclusive electron scattering
observables. The present paper thus offers a phenomenologi-
cal tool for the analysis of the inclusive electron scattering
data measured with CLAS12. This tool is available online
[17], allowing the interactive evaluation of inclusive electron
scattering observables together with resonant contributions
computed for integrated luminosities and kinematics grids as
defined by the user.

In our approach, the estimates for the resonant contribu-
tions are obtained from exclusive meson electroproduction
data, which are independent of the inclusive electron scatter-
ing observables. This enables us to evaluate the nonresonant
contributions to inclusive electron scattering observables as
the differences between the measured inclusive observables
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FIG. 4. Decomposition of the transverse (thick black curves in the left column) and unpolarized (thick black curves in the right column)
resonant cross sections into the separate contributions of each resonance included in the model at different representative Q2, and at an electron
beam energy of 10.6 GeV.
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FIG. 5. Resonant contributions (green curves with uncertainty bands) to the transverse σT (left column) and unpolarized σU (right column)
virtual photon-proton cross sections. The unpolarized cross sections are presented for the electron beam energy 10.6 GeV, and the data points
and error bars are obtained in [17] by interpolating the CLAS and world measurements as described in Ref. [15], with an updated version of
RLT , as described in the text.
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FIG. 6. Predicted inclusive virtual photon-proton cross sections (points with error bars) and resonant contributions at Q2 = 5.0 GeV2 (top)
and Q2 = 6.0 GeV2 (bottom) in the kinematic area covered in the measurements with the CLAS12 detector [23]. The error bars for the projected
data shown in the plot are obtained for the statistics corresponding to the integrated luminosity collected with CLAS12 in the spring 18 run
and bin sizes �W = 0.01 GeV and �Q2 = 0.1 GeV2. Further explanations as in Fig. 5.

and the estimated resonant contributions. Of course, these
estimates cannot duly isolate the interference terms between
the resonant and nonresonant contributions for the exclusive
channels. In Fig. 7, we show the thus obtained nonresonant
contributions to the CLAS data on the inclusive structure
function F2 [9]. Unlike for the unpolarized cross sections, the
choice of the new parametrization for RLT is barely noticeable
in the F2 data, since this observable is not very sensitive
to this ratio. Overall, bearing in mind the large number
of resonances and opening channels present, the resulting
nonresonant contributions are rather smooth functions of W ,
especially at higher Q2. We compare the contributions inferred
from the data with the background model from Ref. [11],
which can be considered as the continuation of the back-
ground from the deep inelastic scattering region into the
resonance region. The nonresonant contributions determined
by realistically accounting for the nucleon resonances, as
described in Sec. II, demonstrate several structures and a
sharp increase at W from 1.6 to 1.7 GeV seen in all Q2 bins.
One can observe several kinks in the W dependence of the
background for F2. It appears, however, that each of them
is associated with the opening of a meson-baryon channel,
namely, ππN at 1.21 GeV, ηN at 1.49 GeV, and ωN at
1.72 GeV. We also show the W values for the opening of
the π+N (1520) 3/2−, π+N (1680) 5/2+, and ρN channels,

calculated at the resonance central masses. Because of the
appreciable decay widths (�100 MeV) of the unstable final
states, instead of kinks these channels produce sharp growths
in the W dependence of the F2 structure function at 1.6 �
W � 1.7 GeV, seen in all Q2 bins. All these features seen
in the W dependence of the nonresonant contribution defined
here are likely related to the manifestation of coupled channel
effects.

IV. SUMMARY

In this work, we have developed a model for the evaluation
of the resonant contributions to observables of inclusive elec-
tron scattering off protons. Due to the advances in exclusive
reaction studies with CLAS [37,42], we have experimental
results on γv pN∗ electrocouplings of most of the excited
nucleon states in the mass range below 1.8 GeV. For the first
time, the resonant contributions to inclusive electron scatter-
ing observables have been evaluated from the experimental
results on γv pN∗ resonance electrocouplings and the total de-
cay widths. In particular, we computed the virtual photon and
electron scattering cross sections and the F2 structure function,
at W � 1.8 GeV and 0.5 � Q2 � 6.0 GeV2. Our approach
allows the separation of the resonant part into longitudinal and
transverse contributions.
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FIG. 7. Results (purple points with error bars) on the differences between the F2 structure functions estimated by interpolating the CLAS
and world results [15,17] and the estimated resonant contributions, compared to the background as in Ref. [11] (green curve). The dotted
vertical lines show the opening of meson-nucleon electroproduction channels. The dash-dotted vertical lines show the opening of π N∗

channels. The data and model uncertainties are propagated into the final error bars shown. The green curve is the background (NR) as in
the model of Ref. [11] (BC), which can be considered as the continuation of the background from the deep inelastic scattering region into the
resonance region.

Our studies elucidate the contributions from excited nu-
cleon states to the three resonance regions. We observed
substantial contributions from the resonance tails in the neigh-
boring regions. We found a nontrivial behavior in the Q2

evolution of the resonance structures: the first and third peaks
decrease strongly with Q2, not only in their absolute value,
but also relative to the background; the second region de-
creases with Q2, but it stays relatively constant with respect
to the background. Such a behavior underlines the essential
differences in the structure of the excited nucleon states in
the three regions. Studies of the γv pN∗ electrocouplings of all
prominent nucleon resonances offer a unique way to explore
the many facets of strong QCD in the generation of excited
nucleons of different quantum numbers with distinctively
different structural features.

By comparing the resonant contributions to the F2 data
from CLAS [9], we are therefore able to extract the separate
contribution of the background as the difference between

data on F2 inclusive structure functions and the resonant
contributions. The thus evaluated background shows several
kinks and a sharp increase at W from 1.6 to 1.7 GeV in all Q2

bins covered by the CLAS data. This is related to the opening
of different meson-baryon channels contributing to inclusive
observables.

The electrocouplings of nucleon resonances in the 1.8–
2.0 GeV mass range and at 0.4 < Q2 < 5.0 GeV2 will soon
become available from data [58–60,73]. We aim to use this
work as a benchmark for describing low- and high-energy
data in wide Q2 regions with one single combined resonance-
background model. This is motivated by the CLAS12 en-
deavor on both exclusive and inclusive electron-induced re-
actions, which will extend the data base for comparison and
constraints on the model toward high photon virtualities of
Q2 > 4.5 GeV2. For exclusive reaction studies, the Q2 cover-
age is to be extended to the largest interval ever achieved, from
0.05 to 12 GeV2.
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