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The first results on the σLT ′ structure function in exclusive π 0p electroproduction at invariant masses of the
final state of 1.5 GeV < W < 1.8 GeV and in the range of photon virtualities 0.4 GeV2 < Q2 < 1.0 GeV2 were
obtained from data on beam spin asymmetries and differential cross sections measured with the CLAS detector at
Jefferson Lab. The Legendre moments determined from the σLT ′ structure function have demonstrated sensitivity
to the contributions from the nucleon resonances in the second and third resonance regions. These new data on
the beam spin asymmetries in π 0p electroproduction extend the opportunities for the extraction of the nucleon
resonance electro-excitation amplitudes in the mass range above 1.6 GeV.

DOI: 10.1103/PhysRevC.105.L022201

Studies of πN electroproduction are an effective tool for
the exploration of nucleon resonance structure [1–5]. The
CEBAF Large Acceptance Spectrometer (CLAS) at Jefferson
Lab has provided most of the available information on these
electroproduction channels at invariant masses of the final-
state hadrons W < 1.8 GeV and at photon virtualities Q2 <

5.0 GeV2 [6–10]. The available data allow us to determine
the nucleon resonance electro-excitation amplitudes (i.e., the
γv pN∗ electrocouplings) for most resonances over this kine-
matic range [1,2,5,9]. These results allow us to evaluate the
resonant contribution to inclusive electron scattering with the
γv pN∗ electrocouplings available from the experimental data,
thereby paving the way to gain insight into the parton dis-
tributions in the ground-state nucleon within the resonance
excitation region [11,12]. High-level analyses of the results
on the γv pN∗ electrocouplings have revealed the structure of
nucleon resonances as a complex interplay between the inner
core of three dressed quarks and an external meson baryon
cloud [1–3], shed light on the emergence of hadron mass
[1,4,13,14], and allow for the modeling of N∗ structure within
different quark models [15–20].

CLAS studies of π+n electroproduction [9] have pro-
vided the γv pN∗ electrocouplings for the N (1675)5/2−,
N (1680)5/2+, and N (1710)1/2+ resonances [15]. For a com-
plete isospin analysis, it is important to explore both the π+n

and π0p channels. Recently, new CLAS results on the dif-
ferential π0p electroproduction cross sections have become
available forW < 1.8 GeV and 0.4 GeV2 < Q2 < 1.0 GeV2

[10]. However, the data on πN electroproduction atW > 1.6
GeV and Q2 < 1.0 GeV2 consist mostly of measurements
with an unpolarized electron beam and an unpolarized proton
target.

Measurement of the beam spin asymmetry (BSA) and
the related σLT ′ structure function can provide important
constraints on the extraction of the γv pN∗ electrocouplings
when combined with the differential cross sections. The σLT ′

structure function determines the imaginary part of bilin-
ear products between longitudinal and transverse amplitudes.
Small contributions from the imaginary part of the longitu-
dinal resonance amplitudes are amplified in their interference
with the real part of the nonresonant contributions, making the
BSAs an important observable for extraction of the longitu-
dinal S1/2 γv pN∗ electrocouplings. Previous studies of BSAs
in both the π+n and π0p channels [21–24] were focused in
the range of W < 1.5 GeV. They demonstrated a substantial
impact of the BSA data on the extraction of the �(1232)3/2+
and N (1440)1/2+ S1/2 electrocouplings published in Ref. [5].

In this Letter, we present new measurements of the BSAs
and σLT ′ structure function from the CLAS π0p electropro-
duction data with a major focus on the exploration of the
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second and third resonance regions. The data reported here
cover the kinematic area of 1.5 GeV <W < 1.8 GeV and
0.4 GeV2 < Q2 < 1.0 GeV2 with the full angular range in the
center-of-mass (CM) frame.

The data were taken during the e1e run period with the
CLAS detector [25]. A longitudinally polarized electron beam
of 2.036-GeV energy and 10-nA nominal current was in-
cident on a 2-cm-long liquid-hydrogen (LH2) target. The
beam polarization determined from Møller polarimeter mea-
surements was 78.9 ± 2.8(stat) ± 3.0(syst)%. All details on
particle identification, event selection, and the related system-
atic uncertainties are available in our previous publication on
π0p cross sections and exclusive structure functions [10].

The kinematics of the ep → e′π0p reaction can be fully
described by Q2, W , and the final-state pion polar θπ and
azimuthal φπ emission angles in the CM frame, where φπ is
defined relative to the electron-scattering plane. The exclusive
π0p events were identified from the missing mass squared
M2

X distributions in the reaction ep → e′pX after applica-
tion of kinematic cuts to eliminate Bethe-Heitler backgrounds
[10]. The exclusivity cuts over M2

X were applied in three-
dimensional bins of (Q2,W, cos θπ ). The selected π0p events
were binned using a (Q2,W, cos θπ , φπ ) grid consisting of two
bins over Q2: from 0.4 GeV2 to 0.6GeV2 and from 0.6GeV2

to 1.0 GeV2, 28 bins overW , 10 bins over cos θπ , and 12 bins
over φπ of equal sizes.

The measured asymmetry ALT ′ (Q2,W, cos θπ , φπ ) was
obtained from the event yields produced by the in-
coming electrons of positive and negative helicities,
N+

π (Q2,W, cos θπ , φπ ) and N−
π (Q2,W, cos θπ , φπ ):

ALT ′ = 1

Pe

(N+
π − N−

π )

(N+
π + N−

π )
, (1)

where Pe is the electron-beam polarization. Representative
examples of the BSA in the ep → e′π0p reaction at W val-
ues in the second and third resonance regions are shown in
Fig. 1. The full set of BSA data from our measurement is
available in the CLAS Physics Database [26]. The data in
Fig. 1 are compared with the MAID model [27] predictions
for the BSA computed with the γv pN∗ electrocouplings from
CLAS analyses of πN and π+π−p data [5,11,15,28,29] and
MAID analyses [30] of the πN electroproduction data. The
BSAs predicted with the resonance electrocouplings from
both the CLAS and MAID analyses are consistent in the second
resonance region and reasonably reproduce the BSA data
[see Fig. 1 (top)], demonstrating consistency of the MAID

and CLAS analysis results on resonance electro-excitation in
the second resonance region. In the third resonance region
the BSAs computed with the CLAS and MAID results on the
γv pN∗ electrocouplings are substantially different. Our results
will be essential to improve the knowledge on the γv pN∗ elec-
trocouplings of the resonances in the third resonance region.

The γv p → π0p virtual photon differential cross sections
dσ
d�π

(Q2,W, cos θπ , φπ ) for an electron beam of helicity
h (h = ±1) off unpolarized protons depends on five
structure functions. The transverse σT (Q2,W, cos θπ ), the
longitudinal σL(Q2,W, cos θπ ), the transverse-transverse
σTT (Q2,W, cos θπ ), and the longitudinal-transverse

0 100 200 300

0.2�

0

0.2
LT

’
A

0 100 200 300

(deg)
�
�

(deg)
�
�

0.2�

0

0.2

LT
’

A

FIG. 1. BSA as a function of the CM pion azimuthal an-
gle φπ for the ep → e′π 0p reaction at W = 1.56 GeV, Q2 =
0.5 GeV2, cos θπ = −0.9 (top) and at W = 1.71 GeV, Q2 =
0.5 GeV2, cos θπ = 0.9 (bottom). The MAID model [27] expectation
with the γv pN∗ electrocouplings from MAID [30] and the CLAS anal-
yses [11,28,29] are shown by the solid and dotted lines, respectively.

σLT (Q2,W, cos θπ ) structure functions describe the
helicity-independent part of the differential cross section,
while the part proportional to the electron-beam helicity h is
described by the σLT ′ (Q2,W, cos θπ ) structure function [27]:

dσ

d�π

= p∗
π

k∗
γ

(σ0 + h
√
2εL(1 − ε) σLT ′ sin θπ sin φπ ),

σ0 = σT + εLσL + ε σTT sin2 θπ cos 2φπ

+
√
2εL(1 + ε) σLT sin θπ cos φπ, (2)

where p∗
π is the magnitude of the π0 momentum in the CM

frame. The commonly used real photon equivalent energy k∗
γ
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and the virtual photon polarization parameters ε and εL are
described in Ref. [27].

Determination of σLT ′ was made through the BSA ALT ′ and
a parametrization of the σ0 cross sections from the previous
measurement [10]:

ALT ′ =
√
2εL(1 − ε) σLT ′ sin θπ sin φπ

σ0
. (3)

The ALT ′ values are multiplied by σ0 and the structure function
σLT ′ was then extracted using Eq. (3) through fitting the φπ

distributions in each bin of (Q2,W, cos θπ ). The systematic
uncertainties of σLT ′ are less than 10% and arise mainly
from the uncertainties of the beam polarization Pe and the
uncertainties of σ0 from the available measurements [10]. The
contributions from the systematic uncertainties for the BSAs
are much smaller and were not included in the evaluation of
the systematic uncertainties for σLT ′ . Representative examples
of the structure functions σLT ′ atW > 1.6 GeV are shown in
Fig. 2. The full set of our results for σLT ′ can be found in
Ref. [26].

Results on the σLT ′ structure function for π0p electro-
production in the third resonance region are presented here
for the first time. In Fig. 2 we also show the comparison
between the data on σLT ′ from our measurements and the
expectations from MAID [27]. This unitarized reaction model
incorporates all well-established resonances parametrized us-
ing Breit-Wigner amplitudes and with backgrounds calculated
from t-channel vector-meson exchange and other Born di-
agrams. The σLT ′ are computed with the γv pN∗ resonance
electrocouplings obtained from the analyses of the πN elec-
troproduction channels only [30] and from the CLAS πN and
π+π−p electroproduction data [11,28,29].

To explore the sensitivity of σLT ′ to the contributions from
nucleon resonances (N∗), we decomposed this structure func-
tion using a Legendre polynomial expansion for each bin of
(Q2,W ) to determine the Legendre moments Dl (Q2,W ):

σLT ′ =

max∑


=0

D
P
(cos θπ ), (4)

with l from zero to three. The expansion of Eq. (4) is trun-
cated at lmax = 3 to provide a stable description of the cos θπ

dependence of σLT ′ . The results on the W dependence of the
Legendre moments Dl are shown in Fig. 3. The full set of
extracted Legendre moments is available in Ref. [26].

To relate the Legendre moments Dl to the bilinear prod-
ucts of the π0p multipole electroproduction amplitudes, the
formalism developed in Ref. [31] is used. The σLT ′ struc-
ture function is expressed in terms of bilinear combinations
of the Fi CGLN amplitudes, as described in Appendix C
of Ref. [31]. Eqs. (23)–(28) in that paper allow us to re-
late the CGLN amplitudes Fi (i = 1, . . . , 6) to the bilinear
products of the multipole amplitudes that enter into the Dl

Legendre moments. Since the bilinear product of multipoles
in the Legendre moments Dl of different l values contain the
contributions from resonances of different spins and parities,
the Legendre moments Dl are suitable for disentangling the
electro-excitation of different nucleon resonances.
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FIG. 2. The structure function σLT ′ for π 0p electroproduction off
protons atW > 1.6 GeV, Q2 from 0.4 GeV2 to 0.6 GeV2 (left panel)
and from 0.6 GeV2 to 1.0 GeV2 (right panel). The lines represent
the evaluations within the MAID reaction model [27] with the γv pN∗

electrocouplings from the πN electroproduction analysis [30] (solid
line) and from the CLAS exclusive meson electroproduction data
analyses (dashed line) [11,28,29]. The systematic uncertainties on
the data are shown by the shadowed areas at the bottom of each plot.

We explored the sensitivity of the Dl Legendre moments
to the variation of the γv pN∗ electrocouplings of all pro-
nounced resonances in the second and third resonance regions
and, in particular, to the �(1620)1/2−, �(1700)3/2−, and
N (1720)3/2+ electrocouplings that currently have been es-
tablished from solely the π+π−p electroproduction data. The
sensitivity of the Dl moments to the variation of the electro-
couplings of all prominent resonances can be demonstrated
by computing them within the MAID model [27] with the
γv pN∗ electrocouplings from only the πN electroproduction
data [30] and from the CLAS results [11,28,29] on the γv pN∗
electrocouplings determined from both πN and π+π−p elec-
troproduction, as shown by the thick solid and dashed lines
in Fig. 3, respectively. The sensitivity of the Dl moments
to the contribution from each of the states �(1620)1/2−,
�(1700)3/2− and N (1720)3/2+ was studied by turning off
each in turn while taking the γv pN∗ electrocouplings of the
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FIG. 3. Legendre moments Dl (Q2,W ) (l = 0, 1, 2, 3) of the σLT ′ structure function from the π 0p electroproduction data at Q2 =
0.4–0.6 GeV2: D0(Q2,W ) (top left), D1(Q2,W ) (top right), D2(Q2,W ) (bottom left), D3(Q2,W ) (bottom right). The experimental results
are shown by the filled circles with error bars accounting for the statistical uncertainties. The systematic data uncertainties are shown in the
bottom part of each plot. The computed Dl moments within the MAID model [27] with the γv pN∗ electrocouplings from Ref. [30] and from
Refs. [11,28,29] are shown by the thick solid and dashed lines, respectively. We also show the computed Dl values within the MAID model [27]
with the γv pN∗ electrocouplings from Refs. [11,28,29] when the contributions from particular resonances are taken out: �(1620)1/2− (thin
dotted lines), �(1700)3/2− (thick long-dashed lines), N (1720)3/2+ (thin dash-dotted lines).

other resonances from the CLAS results [11,28,29]. The sen-
sitivity to the particular resonance contributions can be seen
in Fig. 3 as the difference between the computed Dl mo-
ments when the contributions from all resonances are taken
into account (thick dashed lines) and when the contribution
from a particular resonance is turned off. All Dl moments
demonstrate variations outside the data uncertainties when the
γv pN∗ electrocouplings from πN electroproduction [30] are
replaced by the CLAS results [11,28,29], suggesting sensi-
tivity of the σLT ′ data to the resonance contributions in these
kinematics.

The D0 moment demonstrates sensitivity to the
�(1620)1/2− resonance (see Fig. 3, top left). This sensitivity
is due to the multipole contributions of the D0 decomposition:

D0 ∼ (5E∗
3+ − 2E∗

3− + M∗
1− + M∗

1+)S0+ + E∗
0+(S3− − S3+).

(5)

We are using the well-known notations for the multipoles
explained in Ref. [31]. The impact from the �(1620)1/2− on

the D0 moment emerges from the interference between the
S0+ resonance multipole with the transverse multipoles from
the nonresonant contributions, as well as from interference
between the resonance E0+ transverse and longitudinal mul-
tipoles with the nonresonant contributions.

From the D1 multipole decomposition, we found that D1

should be sensitive, in particular, to the contributions from
the �(1700)3/2− and N (1720)3/2+ resonances since the D1

moment contains the products:

D1 ∼ −6E∗
2−S2− − 6M∗

2−S2− + 6E∗
1+S1+ − 6M∗

1+S1+, (6)

where the multipole and the multipole conjugated prod-
ucts in the first two terms contain contributions from
the �(1700)3/2− and in the second two terms from the
N (1720)3/2+. The expected sensitivities are supported by the
data on the D1 moment (see Fig. 3, top right).

At W from 1.65 to 1.70 GeV, the D2 moment evolves
rapidly and changes sign (see Fig. 3, bottom left). Mak-
ing use of the CLAS results on the γv pN∗ electrocouplings
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[11,28,29] allows us to reproduce this trend even when the
contributions from either the �(1620)1/2−, �(1700)3/2−, or
N (1720)3/2+ are turned off.

The D2 moment is sensitive to the �(1620)1/2−
and N (1720)3/2+ resonances. This sensitivity emerges
from the following terms in the D2 multipole
decomposition:

D2 ∼ 12(M∗
2+ − E∗

2−)S1+ + 6(3E∗
2+ + 2M∗

2+)S1+
− 15M∗

1+S2− + 5(5E∗
3+ − 2E∗

3− + M∗
3− − M∗

3+)S0+
+ 5E∗

0+(3S3− − 4S3+). (7)

The N (1720)3/2+ resonance impacts the D2 moments owing
to the interference between its longitudinal S1+ multipole
and the transverse multipoles from the nonresonant contribu-
tions, as well as from the interference of the M1+ transverse
resonance multipole and the longitudinal part of the non-
resonant contributions. The �(1620)1/2− impacts the D2

moment because of the interference between its S0+ multi-
pole and transverse nonresonant contributions, as well as due
to the interference between the transverse E0+ multipole of
the resonance and the longitudinal parts of the nonresonant
contributions.

The D3 moment is strongly affected by the N (1720)3/2+
resonance (see Fig. 3, bottom right) due to the interference be-
tween the S1+ multipole for the resonance and the transverse
part of the nonresonant processes, as well as because of the
interference between the transverse M1+ resonance multipole
and the longitudinal part of the nonresonant contribution seen
in the multipole decomposition of D3:

D3 ∼ 18(M∗
3− − E∗

3+)S1+ + (34E∗
3+ − 36E∗

3−)S1+
− 28M∗

1+S3+. (8)

Studies of the Legendre moment sensitivities to the resonant
contributions at 0.6 GeV2 < Q2 < 1.0 GeV2 revealed similar
features as those observed for the data at 0.4 GeV2 < Q2 <

0.6 GeV2 and discussed above.

In summary, the beam spin asymmetries and the σLT ′ struc-
ture functions have become available from the CLAS data on
exclusive π0p electroproduction at 1.5 GeV < W < 1.8 GeV
and photon virtualities 0.4 GeV2 < Q2 < 1.0 GeV2. These
observables for π0p electroproduction off protons were ob-
tained for the first time at the invariant masses of the final-state
hadrons W > 1.6 GeV. The Legendre moments Dl (l = 0,
1, 2, 3) were determined from fits of the angular depen-
dencies of σLT ′ in each bin of W and Q2 covered by the
measurements. The D0 and D1 Legendre moments demon-
strate sensitivity to the electro-excitation amplitudes of the
�(1620)1/2−, �(1700)3/2−, and N (1720)3/2+ resonances.
Previously, the information on the electro-excitation ampli-
tudes of these excited states was obtained in the studies of
π+π−p electroproduction off protons with CLAS [1,29,32].
Combined studies of the exclusive π+n and π0p electro-
production channels will provide independent results on the
electro-excitation amplitudes of the nucleon resonances in the
mass range of W > 1.6 GeV. Comparison of the results on
the resonance electro-excitation amplitudes from the studies
of both πN and π+π−p electroproduction will allow us to
shed light on the systematic uncertainties in their extraction.
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