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First results on nucleon resonance electroexcitation amplitudes from ep — ¢’m*x~p’ cross
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The electroexcitation amplitudes or y,pN* electrocouplings of the N(1440)1/2%, N(1520)3/2, and
A(1600)3/2" resonances were obtained for the first time from the ep — &m+n~p differential cross sec-
tions measured with the CLAS detector at Jefferson Lab within the range of invariant mass W = 1.4-1.7 GeV of
the final state hadrons, for photon virtualities 9% = 2.0-5.0 GeV>. A good description of the nine independent
onefold differential y,p — 77~ p’ cross sections achieved within the data-driven Jefferson Lab-Moscow State
University (JM) meson-baryon reaction model in each bin of (W, Q?) allows for separation of the resonant and
nonresonant contributions. The electrocouplings were determined in the fits of the 7 ™7~ p cross sections within
three overlapping W intervals with a substantial contribution from each of the three resonances listed above.
Consistent results on the electrocouplings extracted from the data in these W intervals provide evidence for
their reliable extraction. These studies extend information on the electrocouplings of the N(1440)1/2% and
N(1520)3 /2~ available from this channel over a broader range of Q. The electrocouplings of the A(1600)3/2%,
which decays preferentially into w7 N final states, have been determined for the first time. The reliable extraction
of the electrocouplings for these states is also supported by the description of the 77~ p differential cross
sections with Q*-independent masses and total /partial hadronic decay widths into the 7 A and pp final states.
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I. INTRODUCTION

Studies of exclusive 7+~ p photo- and electroproduction

off protons represent an effective tool for the exploration
of the spectrum and structure of nucleon resonances [1-5].
In this work we will use N* to represent both excited nu-
cleon states N(mass)J”, as well as Delta states A(mass)J”.
Measurements with the CLAS detector have provided the
dominant part of the available world information on exclusive
meson electroproduction in the resonance region for W <2
GeV and Q° < 5GeV? [1-3,6-8]. The 7%, 7 tn,and 7 T~ p
electroproduction channels account for the largest part of the
inclusive virtual photon-proton cross sections in the resonance
excitation region [1]. The data on 7N and 7w+~ p electro-
production offer complementary information on the nucleon
resonance electroexcitation amplitudes, the so-called y, pN*
electrocouplings, and their evolution with photon virtuality Q?
(Q* = —q;), where g, is the virtual photon four-momentum.

The low-lying N* states in the mass range below 1.6 GeV
decay preferentially into w N, making single-pion electro-
production data the driving source of information on the
electrocouplings of these states [8—10]. On the other hand, the
branching fraction (BF) of these resonance decays into 77w N
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remains appreciable at the level of around 40%, allowing
for an independent determination of their electrocouplings
from this channel [11,12]. Consistent results on the elec-
trocouplings from independent studies of 7N and 77~ p
demonstrate the capability of the 777~ p reaction model to
provide extraction of these quantities and to evaluate the
systematic uncertainties associated with their determination
[12,13].

Several N*’s in the mass range above 1.6 GeV decay
preferentially into the 7w N final states with BF around 70%,
making studies of 7+ ~ p electroproduction the major source
of information on the electrocouplings of these states [12]. At
the same time, there are N*’s with masses above 1.6 GeV that
decay mostly to the =N final states [14]. Therefore, studies of
both N and 7 7 ~ p electroproduction off protons are of par-
ticular importance to get information on the Q” evolution of
the electrocouplings for most prominent nucleon resonances.

Coupled-channels approaches are making progress to-
wards the extraction of the electrocouplings for low-lying N*
states from the combined analyses of meson photo-, electro-,
and hadroproduction data. Recently, the 7N and np elec-
troproduction multipoles, which are directly related to the
yu»pN* electrocouplings, were determined from CLAS data
within a multichannel analysis [15,16]. The first results on
the electrocouplings of the A(1232)3/2* and N(1440)1/2% at
their pole positions in the complex energy plane have become

©2023 American Physical Society
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available from the global multichannel analysis developed
by the Argonne-Osaka Collaboration [17]. The contributions
from the A and pp channels deduced from the 77~ p cross
sections play an important role in the development of these
approaches [12,18]. Experiments of the 6-GeV era with the
CLAS detector [19] in Hall B at Jefferson Lab have provided
the first and still only available information on the Q? evolu-
tion of the electrocouplings of most resonances in the mass
range up to 1.8 GeV for Q> < 5 GeV? [1,2].

Studies of 7+~ p photo- and electroproduction also pro-
vide a promising avenue in the search for the so-called missing
resonances. Constituent quark models based on approximate
symmetries of the strong interaction that are relevant for the
strongly coupled regime, when the QCD running coupling
o, /m is comparable to unity, predict many more N*’s than
have been seen in experiments with both electromagnetic and
hadronic probes [20-23]. These expectations are supported
by the results on the N* spectrum obtained starting from
the QCD Lagrangian within both lattice and continuum QCD
approaches [24,25].

The combined analysis of the CLAS 7 +7~ p photo- and
electroproduction data [26,27] carried out for W = 1.6-1.8
GeV and Q% = 0-1.5 GeV? revealed the presence of a new
N'(1720)3/2" baryon state [4]. Only after implementation
of this state with photo-/electrocouplings, mass, and decay
widths fit to the CLAS data was a successful description
of the w7~ p photo-/electroproduction data achieved with
Q*-independent masses and decay widths into the 7 A and pp
final states. The contributions from the N(1720)3/2% and the
new N'(1720)3/2% are well separated in the 7+~ p photo-
/electroproduction data analyses despite their close masses
and same spin-parity due to their different patterns for decay
into intermediate 7 A and pp states and the different Q> evo-
lutions of their electrocouplings. These differences can only
be seen in the combined studies of 7 ¥~ p photo- and elec-
troproduction, but they were elusive in previous studies of the
two-body meson-baryon channels. Therefore, such combined
studies provide a promising avenue in the quest to discover
additional resonances.

The CLAS results on the electrocouplings make it possible
for the first time to determine the resonant contributions to
the inclusive electron scattering structure functions in the res-
onance region [28-30]. They also provide a new opportunity
to better understand the ground state nucleon parton distribu-
tion functions (PDFs) at large values of the fractional parton
momentum x within the resonance region.

Analyses of the CLAS results on the Q? evolution of the
electrocouplings within coupled-channels approaches [17,31]
and continuum Schwinger methods (CSMs) [32], supported
by the results from different quark models [33-36], have
revealed N* structure as an interplay between the inner core
of three dressed quarks and an external meson-baryon cloud
[1,3,17,37]. Studies of the electrocouplings for Q? <2 GeV?
provide important information on the transition from confined
dressed quarks to deconfined mesons and baryons that give
rise to the meson-baryon cloud.

Analyses of these electrocouplings suggest a gradual tran-
sition from the convolution between the meson-baryon cloud
and quark core in N* structure towards quark core domi-

nance with increasing Q2 [32,34-36]. Virtual photons with
Q? > 1-2 GeV? penetrate the meson-baryon cloud and in-
teract mostly with the quark core. Consequently, studies
of the electrocouplings in this higher Q? regime provide a
unique way to explore the structure of dressed quarks and
the evolution of their interactions at distance scales from the
strongly coupled to the perturbative (pQCD) regimes [38—41].
Therefore, the region of high Q? looks promising to explore
many facets of the strong interaction dynamics between three
dressed quarks apparent in the generation of various N*’s with
different quantum numbers and structure.

The description of the A(1232)3/2% and N(1440)1/2%
electrocouplings achieved within CSMs [42,43] by employing
the same momentum dependence of the dressed quark mass
deduced from the QCD Lagrangian [39,41] and used in the
description of the pion and nucleon elastic electromagnetic
form factors [42,44,45] demonstrated the promising oppor-
tunity for gaining insight into the emergence of more than
98% of the hadron mass from data on the Q* evolution of the
electrocouplings.

As of now, the electrocouplings are available from 77~ p
electroproduction cross sections within the range of Q* <
1.5 GeV?. In this paper, we present an extension of the
results on the electrocouplings of the N(1440)1/2% and
N(1520)3/2~ determined from the 77~ p cross sections at
W = 1.4-1.7 GeV for 0> = 2.0-5.0 GeV? and compare them
with the available results from the studies of 7N electropro-
duction within the same kinematic domain. The A(1600)3/2%
recently was elevated to a four-star PDG status [14]. This state
decays preferentially into ww N. The electrocouplings of the
A(1600)3/2" have become available for the first time from
the analysis of the 777~ p electroproduction data presented
here.

This paper is organized as follows. In Sec. II we present the
kinematic variables for the description of & ¥~ p electropro-
duction and the onefold differential cross sections measured
with CLAS used for the extraction of the electrocouplings
in the mass range below 1.7 GeV. Here, we also discuss the
updates to the Jefferson Lab-Moscow State University (JM)
reaction model relevant to the extraction of the electrocou-
plings for Q% =2.0-5.0 GeV?>. The procedures developed
for the evaluation of the electrocouplings from the cross
section fits are presented in Sec. IIl. The results on the
electrocouplings and partial decay widths to w A and pp
for the N(1440)1/2", N(1520)3/2~, and A(1600)3/2" are
presented in Sec. IV, along with comparisons of the elec-
trocouplings from the w7~ p data with those previously
available from the analyses of w N data. The impact of these
results on the understanding of N* structure is presented in
Sec. V. We conclude and highlight the future prospects for
resonance electrocoupling studies from exclusive meson elec-
troproduction data in Sec. VI.

II. CROSS SECTIONS AND REACTION MODEL
FOR ELECTROCOUPLINGS

In this section we describe the w7~ p differential cross
sections measured with CLAS for W = 1.4-1.7 GeV and
0? = 2.0-5.0 GeV? [46,47] that were used for the extraction
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FIG. 1. Kinematic variables for the description of the reaction
y,p — T~ p’ in the CM frame of the final state hadrons corre-
sponding to the d°t differential assignment given in Sec. IT A. Panel
(a) shows the 7~ polar and azimuthal angles 6,- and ¢,-. Plane C
represents the electron scattering plane. The z axis is directed along
the y, three-momentum, while the x axis is located in the electron
scattering plane C and the y axis forms a right-handed coordinate
system. Plane A is defined by the three-momenta of the initial state
proton and the final state 77 . Panel (b) shows the angle ot~ 7+,
between the two hadronic planes A and B or the plane B rotation
angle around the axis aligned along the three-momentum of the final
state 7 ~. Plane B is defined by the three-momenta of the final state
xt and p'.

of the N(1440)1/2%, N(1520)3/27, and A(1600)3/2" pa-
rameters. We also present the basic features of the JM model
relevant for the extraction of the electrocouplings from the
777~ p data and the most recent JM model updates.

A. Kinematic variables and 7+~ p electroproduction
cross sections

For the y,p — 77~ p/ reaction, the invariant mass of the
final state hadrons W and photon virtuality Q> unambiguously
determine the initial state virtual photon and proton four-
momenta in their center-of-mass (CM) frame with the z axis
directed along the y, three-momentum as shown in Fig. 1. The
final w7~ p state is described by the four-momenta of the
three final state hadrons by 12 variables. Energy-momentum
conservation reduces the number of variables down to 8.
Since the three final state hadrons are on-shell, three addi-
tional relations between the final state hadron energies and
absolute momentum values reduce the number of indepen-
dent variables down to 5. Hence, at a given W and Q?, the
reaction can be fully described by the fivefold differential
cross section d’o /dS'L’, where d°71 is differential in the five
independent variables that determine the final state hadron
four-momenta. There are many choices for these five vari-
ables [48]. After defining M;+,, M;-,, and M;+,- as the
invariant masses of the three possible two-hadron pairs in

TABLE 1. Kinematic area covered in the fit of the CLAS 77~ p
electroproduction cross sections for the extraction of the resonance
parameters [46,47].

2.0-24

2.2 for computed cross sections
2.4-3.0

2.6 for computed cross sections
3.0-35

3.2 for computed cross sections
3542

3.6 for computed cross sections
42-5.0

4.4 for computed cross sections

1.41-1.66

11 bins

0? interval (GeV?)

W interval (GeV)
covered in each Q? bin

the final state, we adopt here the following assignment for
the computation of the fivefold differential cross section:
d°t = dMy+ ydMy+7-dQr-d Q- pin+p), Where Q- is the
final state mw~ solid angle defined by the polar (6,-) and
azimuthal (¢,-) angles shown in Fig. 1(a), and a;-pjiz+p] 1S
the rotation angle of plane B defined by the momenta of the
final state 7+ and p’ around the axis defined by the final state
7~ momentum; see Fig. 1(b). This d° differential is used in
the computation of the 77~ p cross sections within the JM
model for comparison with the experimental data [49,50]. All
frame-dependent variables are defined in the final state hadron
CM frame.

The 7+~ p electroproduction data have been collected in
the bins of a seven-dimensional space, since for the descrip-
tion of the initial state kinematics, W and Q are required. The
number of bins in the seven-dimensional reaction phase space
and the kinematic area covered by the data for extraction of
the differential cross sections are detailed in Tables I and II.
The huge number of seven-dimensional bins over the reaction
phase space (1 x 107 bins) does not allow us to use the cor-
related multifold differential cross sections in the analysis of

TABLE II. List of the onefold differential cross sections mea-
sured with CLAS [46,47] and the binning over the kinematic
variables. M{f‘}" = M; + M, and M* = W — M, where M; ; and M
are the invariant masses of the final state hadron pair (i, j) and the
mass of the third final state hadron k, respectively.

Onefold differential Interval Number of
cross section covered bins
d}\j;p (ub/GeV) M;“i“p—M;“f’; 14
dﬂgjjf (ub/GeV) Mmn e 14
dM:,p (ub/GeV) M;fi‘”‘p—M)‘T“E’; 14
do o
o6 (ub/rad) 0-180 10
# (ub/rad) 0-180° 10
Y 0; a5 (ub/rad) 0-180° 10
da/da[n’pjln+p/] (Mb/rad) 0-360° 10
do [da;+ pz- ) (Ub/rad) 0-360° 10
do /d otz (Wb/rad) 0-360° 10
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FIG. 2. The y,p — nt7~p electroproduction mechanisms incorporated at the amplitude level into the JM17 model [11,12,18]: (a) full
amplitude; (b) 7~ AT and w~ ATT(1600)3/2* subchannels; (c) mTA°, 7TN°(1520)3/2~, and 7+*N°(1680)5/2* subchannels; (d) pp

subchannel; (e) direct 277 mechanisms.

the data. More than half of the five-dimensional phase-space
bins of the final state hadrons at any given W and Q? remain
unpopulated due to statistical limitations. Therefore, we use
the following onefold differential cross sections in each bin of
W and Q? covered by the data:

(i) invariant mass distributions for the three pairs of
the final state particles do /dMy+5-, do /dMy+,, and
do [dMy-p;

(ii) distributions for the CM polar angles of the three final
state particles do /(sin6,-d6;-), do /(sinO,+d0;+),
and do /(sin0,d0,);

(iii) distributions for the three o angles determined in the
CM frame: dO’/dOl[j-[—p][ner/], dO'/d(X[n+P][n—pf|,
and dG/dOl[7r+ﬂ—][pp/], where dU/dOl[n+p][n—p/]
and do /dag+z-ypy; are defined analogously to
do /doyz-pjz+p) described above.

The onefold differential cross sections were obtained by
integrating the fivefold differential cross sections over the
other four kinematic variables of 7. However, the angular
distributions for the polar angles of the final state 7 and
p, as well as for the rotation angles around the axes along
the momenta of these final state hadrons, cannot be obtained
from d°7 described above, since this differential does not
depend on these variables. Two other sets of differentials d°1’
and d°t” are required, which contain dQ+d o+ pjiz- ) and
dQpdagpy=+x-1, respectively, as described in Refs. [11,50].
The fivefold differential cross sections evaluated over the
other two differentials were computed from the fivefold dif-
ferential cross section over the d°t differential by means of
cross section interpolation. For each kinematic point in the
five-dimensional phase space determined by the variables of
the d°1’ and d°1” differentials, the four-momentum of the

three final state hadrons were computed, and from these val-
ues, the five variables of the d°t differential were determined.
The d30 /d°t cross sections were interpolated into this five-
dimensional kinematic point.

B. Reaction model for extraction of electrocouplings

The N(1440)1/2%, N(1520)3/2, and A(1600)3/2" elec-
trocouplings have been extracted for Q> =2.0-5.0 GeV?
from the data on the w7~ p differential cross sections by
fitting them within the framework of the data-driven JM reac-
tion model detailed in Refs. [11,12,18], referred to as JIM17,
which was used for the extraction of the electrocouplings
for Q> < 1.5 GeV? and W < 1.8 GeV. Within this approach,
the 777~ p electroproduction mechanisms seen through their
manifestation in the observables as peaks in the invariant mass
distributions for the final state hadrons and with pronounced
dependencies in the CM angular distributions for the final
state hadrons were incorporated. The remaining mechanisms
without pronounced kinematic dependencies were accounted
for by exploring the correlations between the shapes of their
contributions into the nine independent onefold differential
cross sections.

The mechanisms incorporated into the JM model are
shown in Fig. 2. The amplitudes of the y,p — nw 7~ p re-
action are described as a superposition of the 7~ A*+, 7+ AL,
pop, 1TN°(1520), and 7tN°(1680) subchannels with subse-
quent decays of the unstable hadrons to the final state 777~ p
state as detailed in Appendix IIT of Ref. [18]. In addition,
direct 2z production mechanisms, where the final 77~ p
comes about without going through the intermediate process
of forming unstable hadron states are included. Evidence for
these contributions is seen in analyses of the final state hadron
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TABLE III. List of resonances included in the fit of the 77~ p
differential cross sections within the JM23 model and their parame-
ters: Masses, total decay widths I'y,, and ranges of their variation.
The JM17 model contains all listed resonances, except for the
A(1600)3/2*. The starting values for the resonance electrocouplings
were taken from the references given in the last column. The electro-
couplings of the N(1650)1/2~, N(1720)3/2*, N'(1720)3/2%, and
A(1620)1/2~ were obtained for Q® < 1.5 GeV? and extrapolated
to the Q? area covered by the CLAS data [46,47] as described in
Ref. [30]. The predictions of Ref. [51] were used as the starting
values for the A(1600)3/2% electrocouplings.

N* state Total decay
incorporated Mass width

in data fit (GeV) e (GeV) Ref.
N(1440)1/2* 1.43-1.48 0.25-0.40 [10]
N(1520)3/2 1.51-1.53 0.12-0.13 [10]
N(1535)1/2 1.51-1.55 0.12-0.18 [10]
N(1650)1/2~ 1.64-1.67 0.15-0.16 [30]
N(1680)5/2* 1.68-1.69 0.11-0.13 [9]
N(1700)3/2- 1.65-1.75 0.16-0.18 9]
N'(1720)3/2* 1.71-1.74 0.11-0.13 [4]
N(1720)3/2% 1.73-1.76 0.11-0.13 [30]
A(1600)3/2F 1.50-1.64 0.20-0.30 [51]
A(1620)1/2~ 1.60-1.66 0.11-0.15 [30]
A(1700)3/2~ 1.67-1.73 0.23-0.32 [30]

angular distributions with the phenomenological amplitudes
described in Ref. [18].

Within the JM17 model, only the 7~ AT+, 7#TA°, and
pp channels contain contributions from N*’s excited in the s
channel for the y, p interaction. The JM17 model incorporates
contributions from all well-established N* states listed in Ta-
ble 111, except for the A(1600)3/27" that was not included.
Note that the four-star N(1675)5/2~ and N(1710)1/27" states
were not included. The amplitudes for electroexcitation of the
N(1675)5/2~ off protons are suppressed in comparison with
the electrocouplings of other resonances in the third resonance
region. Furthermore, in this work we have only determined
the y, pN* electrocouplings for resonances in the mass range
below 1.6 GeV. In this case, only the tail from the weakly ex-
cited N(1675)5/2~ can contribute. As well, studies of 7 T~ p
electroproduction in the third resonance region have revealed
no evidence for contributions from the N(1710)1/2%[4,26].

The resonant amplitudes are described by a unitarized
Breit-Wigner ansatz [11], which accounts for the transition
between the same and different resonances in the dressed
resonance propagator, which makes the resonant amplitudes
consistent with restrictions imposed by a general unitar-
ity condition [52,53]. Quantum number conservation in the
strong interaction allows for transitions between the pairs of
N* states, N(1520)3/27 <> N(1700)3/27, N(1535)1/27 <
N(1650)1/2~, and N(1720)3/2" <> N’(1720)3/2", which
are incorporated into the JM17 model.

The nonresonant amplitudes in the w A subchannels are
described by the minimal set of current conserving Reggeized
Born terms detailed in Ref. [18]. They include the contact,
Reggeized ¢-channel m-in-flight, s-channel nucleon, and u-
channel A-in-flight terms. Note, as W is going to threshold,

the Reggeized ¢-channel term gradually transforms into the -
pole term, allowing use of the Reggeized Born terms at low W.

The 7+ N°(1520)3/2~ and 7 *N°(1680)5/2% channels are
described in the JM17 model by nonresonant contributions
only. The amplitudes of the w+N°(1520)3/2~ subchannel
were derived from the nonresonant Born terms in the w A
subchannels by implementing an additional ys matrix that
accounts for the opposite parities of the A(1232)3/2% and
N(1520)3/2 [18]. The magnitudes of the 7+ N°(1520)3/2~
production amplitudes were independently fit to the data
for each bin in W and Q?. The contributions from the
7 TN°(1520)3 /2~ subchannel should be taken into account
for W > 1.5 GeV. The 7*N°(1680)5/2* contributions are
seen in the data at W > 1.6 GeV. These contributions are
almost negligible at smaller W. Effective #-channel exchange
terms were employed in the JM17 model for parametrization
of the amplitudes of this subchannel [18]. The magnitudes of
the 7+N°(1680)5/2% amplitudes were fit to the data for each
bin in W and Q2.

In general, unitarity requires the presence of direct 2w
production mechanisms in the 7 7w~ p electroproduction
amplitudes, where the final state is created without going
through the intermediate step of forming unstable hadron
states [54,55]. These 2m processes are beyond the afore-
mentioned contributions from the two-body sub-channels and
are implemented into the JM17 model. These mechanisms
are incorporated by a sequence of two exchanges in the ¢
and/or u channel by unspecified particles that belong to two
Regge trajectories. The amplitudes of the 27 mechanisms are
parametrized by a Lorentz-invariant contraction between the
spin tensors of the initial and final state particles, while two
exponential propagators describe the exchanges by unspec-
ified particles. All details on the parametrization of the 27
mechanisms are available in Refs. [12,18]. The magnitudes of
these amplitudes are fit to the data for each bin in W and Q.

The studies of the final state hadron angular distributions
over o; (i =[n"pllx*p], [x*pllx—p1, [x*7~1lpp]) in
Ref. [12] demonstrated the need to implement relative phases
for all 2 direct mechanisms included in the JM17 model
determined in the data fit. The contributions from these mech-
anisms are maximal and substantial (=30%) for W < 1.5
GeV and they decrease with increasing W, contributing less
than 10% for W > 1.6 GeV. However, even in this kinematic
regime, these mechanisms can be seen in the w7~ p cross
sections due to an interference of the amplitudes with the
two-body subchannels.

Representative examples of the description of the 7 7~ p
cross sections achieved within the JM17 model in several
bins of W < 1.6 GeV for 0? = 3.50-4.20 GeV? are shown
in Figs. 3-5(a). The chosen W intervals are closest to the
Breit-Wigner masses of the N(1440)1/2%, N(1520)3/2~, and
A(1600)3/2*. The following discrepancies have been ob-
served in the description of these data:

(i) The JM17 model overestimates the 7~ and p polar
angular distributions for forward CM angles.

(i1) These discrepancies are correlated with overestimated
7T angular distributions at backward CM polar an-
gles.
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(iii) Substantial deviations between the computed and
measured do /dagg+-1pp differential cross sections
become evident.

(iv) The JM17 model cannot reproduce the shape of the
7T~ invariant mass distributions for W < 1.55 GeV
and of the 7~ p invariant mass distributions at W <
1.50 GeV for 0 = 2.0-5.0 GeV>.

Comparisons of Figs. 3-5(a) demonstrate that these dis-
crepancies are related mostly to the limitations of the JM17
model for the description of the wA channels for Q° =
2.0-5.0 GeV?. The phenomenological extra contact terms
employed for the description of the contributions into the 7 A
amplitudes beyond the Born terms have been further modified
to achieve the quality of the data description needed for the
extraction of the electrocouplings.

These modifications are achieved by multiplying the ex-
tra contact term amplitudes 7.°,, . employed in the JM17
model (detailed in Ref. [18], Appendix II) with (a) the four
factors Fy (t;?p’)’ Fz(t;/n,), F; (t)’,”+ ), and F4(t;,p,), which allow
for a better description of the CM ¢; (i = =+, 7, p) angular
distributions of the final state hadrons, and (b) the factor
M{(M+,-) needed in order to improve the description of
7T~ invariant mass distributions. The updated extra contact
term amplitudes T¢ .. o are parametrized as

Tectnn = oo xaFi (), )Fa(t) )
X Fy(t] 0 V(1] , My (Mg ). (1)

Here tl’,p,, t . t, ., and t;,p, are the squared four-
momentum transfers defined by the difference between the
initial state y, and p and one of the final state hadrons, and
their maximum values in the respective physics regions. They

are defined by

_ 2 ’ _ max
tpp’ = (pp — pp’) . tpp’ = tpp/ - tpp/ )

1% = 2my — 2E,Ey + 2|yl Ipy|. )
tyn- = (61;/ - Pn*)z’ t}l,nf =lyg- — t;,n:i,

1 = —Q* +m2 — 2E,Ex- +2|q,||pa-1,

v
0’ =—q;, 3)
tywt = @y = pa)s  lype = tyne — 135,

(M = —Q? + m2 — 2E, Ex+ +2|q, || px+ ], @)
tyy = @y — Py, Ly =ty =t

B = =% +my — 2E,Ey + 2|4, |1y 5)

Here q,,, pz+, pz-, and p,, are the four-momenta of the ini-
tial state photon and the final state 7+, 7, and p, respectively,
and p, is the four-momentum of the initial state proton. q°%,
E,, m,, and m, represent the virtual photon four-momentum
squared, the initial state proton CM energy, and the masses
of the proton and charged pions. E;+, E;-, E,, and |p,-|,
|p=+|, |pp| are the CM energies and absolute values of the
three-momenta for the final state 7+, 7, and p, respectively,
while |g, | is the absolute value of the virtual photon three-
momentum in the CM frame.
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FIG. 6. Description of the nine onefold differential 7 *7~ p electroproduction cross sections in terms of x2/d.p. determined from the
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The factors F; in Eq. (1) are parametrized as

|

where j = pp/, yn~, yn ", yp/ and the parameters A ;(W, Q)
are adjusted to reproduce the data on the CM 7+, 7~, and p
angular distributions in each bin of W and Q? independently.

The F; factors make the extra contact term contributions
equal to zero at the maximum accessible values of the re-
spective squared four-momentum transfers. They cause the
amplitudes to increase with —; (or with absolute #; values)
in the range of t} > A, making the final state hadron CM
angular distributions closer to those measured with CLAS.

The factor M| (M+,-) in Eq. (1) is essential to improve
the description of the 7 "7~ invariant mass distributions. It is
given by

ift; > A;(W, %),
ift; < Aj(W, 0%),

/
—1;

6
Aj(W) — e ©

M2, =G (W,0%)m2 .
My (Moo )= [W—l‘z;f(w,Qz)Mp]LMjm, if W < 1.6 GeV,
1 if W > 1.6 GeV,
)

where the parameters ay+,-(W, 0%) (Az+n- > 4.0) and
baiz-(W,0%) (0.0 < by+r- < 1.0) are adjusted to the data
in each bin of W and Q? independently. At values of
bz (W, Q%) equal to unity, the factor M;(My+,-) devel-
ops a pole at the maximum kinematically allowed invariant
masses M, +,-. Hence, the denominator in Eq. (7) defines the
shape of the M+, - invariant mass distributions at their largest
kinematically allowed values, while the numerator in Eq. (7)
regulates the slope of the M +,- mass distributions.

The modifications of the JM17 model extra contact term
described above and the implementation of the A(1600)3/2%
led to the updated model version referred to as JIM23. With
the JM23 model, a reasonable description of the experimental
data on the nine independent onefold differential 7w *7r ~ p elec-
troproduction cross sections has been achieved in the extended
Q? range as exemplified in Figs. 3-5(b). The x?/d.p. (d.p. =
data point) values computed within the range of W < 1.7 GeV
for 0% = 2.0-5.0 GeV? from the point-by-point comparison
between the measured 7 T~ p differential cross sections and
those evaluated within JM23 are shown in Fig. 6 as a function
of W in each Q? interval covered by the analyzed CLAS
data. Only the statistical data uncertainties were included in
the evaluation of x2/d.p. to enhance the sensitivity of these
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quantities to the parametrization of nonresonant contributions.
In each bin the x?/d.p. values are comparable with those
achieved in previous analyses of 777~ p electroproduction
data [11,12] where the electrocouplings were deduced from
the data fits within the previous versions of the JM model.
From six to eight parameters of the nonresonant amplitudes
were varied in the extraction of the y,pN* electrocouplings,
which were fit to 102 data points in each bin of (W, Q%). The
resonance electrocouplings presented in this paper have been
determined from the 7+~ p electroproduction data fit within
the JM23 model.

We also explored the impact of the A(1600)3/2% on the
description of the w7~ p differential cross sections. The
four-star status for this state was assigned after 2017, hence
it was not included in the JM17 model. The A(1600)3/2%
was incorporated into the JM23 version with starting hadronic
decay parameters taken from the PDG [14] and with the initial
yyPN* electrocouplings from the CSM predictions [51]. The
results in Fig. 6 demonstrate improvements in the description
of the =t~ p differential cross sections after implementation
of this state. The improvements become more pronounced
with increasing Q?, suggesting a relative increase of the sig-
nal from the A(1600)3/2% with Q2. For the highest Q? bin,
because of the increase of the data uncertainties, the improve-
ment of the data description is less pronounced. It is also
worth noting that the implementation of the A(1600)3/2%
into JM23 has allowed for the reduction of the magnitudes
of the direct 2w production amplitudes by 20-50% and for
the extra contact term amplitudes in the 7 A subchannels by
10-30%, which represent the contributions described within
the entirely phenomenological parametrization. These ob-
servations have confirmed the impact of the A(1600)3/2%*
contribution in 7t ~ p electroproduction.

ITII. RESONANCE PARAMETER EXTRACTION
FROM CROSS SECTION FITS

The electrocouplings of the N(1440)1/2%, N(1520)3/2,
and A(1600)3/2%, as well as their branching fractions for
decays into w A and pp, were extracted from fits of the nine
independent onefold differential w7~ p cross sections as
described in Sec. ITA. A good description of the 7 7~ p
electroproduction data achieved with the JM23 model at
W < 1.7 GeV for 0% = 2.0-5.0 GeV? allows for the deter-
mination of the resonance parameters from the data fit for
W = 1.40-1.66 GeV and Q2 = 2.0-5.0 GeV?>. The electro-
couplings and hadronic decay parameters were obtained from
independent fits within the three overlapping W intervals
given in Table IV. The nonresonant contributions in these W
intervals are different, while the electrocouplings determined
from the data fits should be the same within their uncertainties,
validating extraction of these quantities.

In the data fit we simultaneously varied the electrocou-
plings, the resonance partial decay widths into 7w A and pp,
and the Breit-Wigner masses for all N* states listed in Ta-
ble III. The starting values for the resonance decay amplitudes
into 7w A and pp of orbital angular momentum L and total spin

TABLE IV. W intervals where the nine independent onefold
differential 77~ p electroproduction cross sections were fit in-
dependently for Q> = 2.0-5.0 GeV? to extract the N(1440)1/2+,
N(1520)3/27, and A(1600)3/2" electrocouplings and their BF for
decays into the 7 A and pp intermediate states with JM23.

Resonance W interval (GeV)

1.41-1.51
1.46-1.56
1.51-1.61
1.41-1.51
1.46-1.56
1.51-1.61
1.46-1.56
1.51-1.61
1.56-1.66

N(1440)1/2%

N(1520)3/2~

A(1600)3/2*

S, are defined by

JVTIis =/ TiBFig, 8)

where the resonance total decay widths I',; were taken from
Ref. [14], and the branching fractions BFZS (i=mA, pp)
for the N(1440)1/2% and N(1520)3/2~ were taken from the
previous studies of CLAS 7N and 77~ p electroproduction
data [10-12]. For other excited states, the outcome of the anal-
yses of Refs. [56,57] were used for the BFiLS starting values.
For each resonance, the total decay width was computed as the
sum of all partial decay widths. The floating of the resonance
masses and total decay widths I'y,, caused by variation of the
partial hadronic decay widths into 7 A and pp were limited
by the intervals given in Ref. [14]. In this way, we imposed
restrictions for the variation of the N* partial hadronic decay
widths T'i ¢ (i = wA, pp) into A and pp decomposed over
the LS partial waves.

The starting values for the N (1440)1/2% and N(1520)3/2~
electrocouplings used in the fit of the 7+7~p electropro-
duction cross sections were taken from the analysis of 7N
electroproduction [10]. The transverse electrocouplings A1,
and A3, of these states were varied by employing normal dis-
tributions with the o parameters equal to 30% of their starting
values. There were no restrictions on the minimum or maxi-
mum trial electrocoupling values, allowing us to explore the
area of ~ £30 around the starting values. The longitudinal
S 2 electrocouplings of smaller absolute values were varied
within a broader range so that their absolute values overlapped
with the absolute values of the transverse electrocouplings.

The starting values for the electrocouplings of the
A(1600)3/2" were based on the CSM predictions [51]. Cur-
rently, CSM takes into account only the contributions from the
quark core that gradually dominate as Q? increases, typically
for 0% > 2 GeV?, which is the range covered in this analy-
sis. Therefore, the actual starting values of the A(1600)3/2%"
electrocouplings were taken from the values of Ref. [51]
multiplied by a common factor of 0.6 applied over the entire
range of Q7 for all three electrocouplings A, /2, Az, and Sy ;.
This factor accounts for the fact that the wave function of the
A(1600)3/2* represents a superposition of the contributions
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from the quark core and meson-baryon cloud. In the data fit,
implementation of this factor was needed to reproduce the
results on the final state proton CM angular distributions in
the forward hemisphere. The A(1600)3/2" electrocouplings
were varied employing normal distributions with the o param-
eters equal to 50% of their starting values.

In the fits we simultaneously varied the electrocouplings
of all N*’s of four-star status [other than the N(1440)1/2F,
N(1520)3/2~, and A(1600)3/2%] as described above within
the mass range below 1.7 GeV. This variation employed a
normal distribution with the o parameters equal to 20% of
their starting values, which were taken from the analyses of
the CLAS exclusive meson electroproduction data [1] with the
numerical results available in Ref. [30].

In the data fit we also varied the following parameters of
the nonresonant mechanisms employed in the JM23 model:

(i) the magnitudes of the additional contact-term ampli-
tudes in the 7~ A** and 7+ A° channels (1 parameter
per Q7 bin);

(ii) the magnitudes of the 7*N°(1520)3/2~ channel (1
parameter per Q° bin);

(iii) the magnitudes of all direct 27t production amplitudes
(up to six parameters per Q” bin).

The starting values for these parameters were deter-
mined in their initial adjustment to the nine independent
onefold 7+7~ p differential cross sections. We applied W -
independent multiplicative factors to the magnitudes of the
nonresonant amplitudes listed above. They remained the same
in the entire W interval covered by the fit within any Q? bin,
but they depended on Q” and were fit to the data in each
Q? bin independently. The multiplicative factors were varied
around unity, employing normal distributions with o values
in the range of 20%. In this way, we retained a smooth W
dependence of the nonresonant contributions established in
the adjustment to the data and explored the possibility of
improving the data description in the simultaneous variation
of the resonant and nonresonant parameters.

The special data fit procedure described in Ref. [11] was
employed for the extraction of the resonance parameters. It
allowed us to obtain not only the best fit but also to establish
bands of the computed cross sections that were compatible
with the data within their uncertainties. For each trial set of
JM23 resonant and nonresonant parameters, we computed the
nine onefold differential 7+~ p cross sections and x2/d.p.
values. The latter were estimated in point-by-point compar-
isons between the measured and computed cross sections in all
bins of W = 1.41-1.66 GeV for 0? = 2.0-5.0 GeV? covered
by the CLAS data. The data uncertainties account for both the
statistical and that part of the systematic uncertainty depen-
dent on the final state hadron kinematics, which were added
in quadrature. In the fit, we selected the computed onefold
differential cross sections closest to the data with x2/d.p.
less than a predetermined maximum value. These values of
X2 ,./d.p. were obtained by requiring that the computed cross
sections with smaller x2/d.p. be within the data uncertainties
for the majority of the data points. In this fit procedure, we
obtained the x?/d.p. intervals within which the computed

TABLE V. The ranges of x?/d.p. for the nine onefold differen-
tial 7w+~ p electroproduction cross sections selected in the data fit
computed within JM23 in overlapping W intervals for Q> = 2.0-
5.0 GeV?. The uncertainties for the measured data are given by
the quadratic sum of the statistical and that part of the systematic
uncertainty dependent on the final state hadron kinematics.

W interval (GeV)
x2/d.p. range

1.41-1.51 1.46-1.56 1.51-1.61 1.56-1.66
0.51-0.57 0.52-0.67 0.52-0.69 0.69-0.76

cross sections described the data equally well within the data
uncertainties. The ranges of x2/d.p. listed in Table V demon-
strate that the cross sections selected in the data fit are indeed
distributed within the data uncertainties over the entire area of
(W, Q%) covered in the data analysis.

Representative examples for the fit quality of the cross
sections within the W intervals closest to the Breit-
Wigner masses of the N(1440)1/2%, N(1520)3/2, and
A(1600)3/2% for Q> = 3.0-3.5 GeV? are shown in Fig. 7.
The computed cross sections selected in the data fit are
shown by the red curves. The resonant contributions were
obtained from the differential cross sections computed from
only the resonance amplitudes and are shown by the blue bars.
The deduced uncertainties for the resonance contributions are
comparable both with the uncertainties of the measured differ-
ential cross sections and with the spread of the fits computed
within the JM23 model. Pronounced differences are evident
in the shapes of the computed differential cross sections se-
lected in the data fit and the respective resonant contributions,
in particular for all angular distributions. The shapes of the
resonant contributions are different in each of the nine one-
fold differential cross sections but they are highly correlated
by the reaction dynamics that underlie the resonance excita-
tions in the s channel and their subsequent decays into either
the w A or pp intermediate states. The resonant/nonresonant
contribution differences allow for isolation of the resonant
contributions. The electrocouplings and decay widths into 7 A
and pp have been determined from the resonant contribu-
tions by fitting them within the unitarized Breit-Wigner ansatz
[11,52], taking into account the constraints imposed on the
resonant amplitudes by a general unitarity condition.

IV. N(1440)1/2%, N(1520)3/2~, AND A(1600)3/2*
ELECTROCOUPLINGS AND HADRONIC DECAY WIDTHS
TO 7 A AND pp

The resonance parameters determined from the data fit
include the electrocouplings, the partial decay widths into
m A and pp, and the total resonance decay widths. They are
averaged from the group of fits selected by the x2/d.p. limits
and their mean values are taken as the resonance parameters
extracted from the data. The root-mean-square dispersions
in these parameters are taken as the uncertainties. The elec-
trocoupling uncertainties obtained in this manner take into
account both the statistical and systematic uncertainties in
the data, as well as the systematic uncertainties associated
with the JM23 model. Furthermore, we consistently account
for the correlations between the variations of the resonant
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FIG. 7. Fit of the nine onefold differential 7z "7 ~ p electroproduction cross sections measured with CLAS [47] (in black) achieved within
the JM23 model for W = 1.450-1.475 GeV (a), 1.500-1.525 GeV, (b) and 1.550-1.575 GeV (c) for Q%> = 3.0-3.5 GeV>. The data point
uncertainties are evaluated as a quadratic sum of statistical and relevant systematic uncertainties. The groups of red curves represent the JM23

fits closest to the data. The resonant contributions are shown in blue.

and nonresonant contributions when extracting the resonance
parameters. In the cases where the ranges of the extracted
electrocouplings covered more than 90% of the intervals for
the electrocoupling variation (starting values £o) employed
in the data fit, we further increased the ranges of the variation
and repeated the data fit, so that eventually the electrocou-
plings extracted from the data were inside the intervals of
the variations employed in the data fit. In this way, we made

sure that the employed ranges were sufficient to determine
both the mean values of the resonance parameters and their
uncertainties.

A. Parameters for the N(1440)1/2* and N(1520)3/2"

The hadronic decay widths of the N(1440)1/2" and
N(1520)3/2~ were deduced from the fits of the #*m p
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TABLE VI. Masses and total/partial hadronic decay widths of the N(1440)1/2% into 7 A and pp determined from fits of the 7t~ p
electroproduction cross sections carried out independently within different Q? intervals. The new results from this work are given in the last
two rows. The results in the upper rows are available from previous studies [11,12] of the 77 ~ p electroproduction cross sections.

Q? interval Mass Cot | NN BFa T,p BF,,
(GeV?) (GeV) (MeV) (MeV) (%) (MeV) (%)
0.25-0.60 1.458 £0.012 363 +39 142 + 48 23-58 6+4 <2
0.5-1.5 1.450 £0.011 352 +£37 120 £+ 41 20-52 5+2 <2
2.0-3.5 1.457 +0.008 331454 129 + 52 20-65 6+2 1.1-2.6
3.0-5.0 1.446 £ 0.013 352433 151 432 31-57 5+1 1.2-2.0

differential cross sections using the procedures described
in Sec. IIl. The results are presented in Table VI for the
N(1440)1/2" and in Table VII for the N(1520)3/2~. For
both resonances, their masses and total /partial hadronic decay
widths into 7 A and pp are self-consistent in the four Q2 in-
tervals covered by the CLAS 77~ p electroproduction cross
sections from the previous studies [11,12] and those reported
in this work. The successful fit of the data achieved within
a broad range of Q% = 0.25-5.0 GeV? with Q’-independent
resonance masses and total/partial hadronic decay widths
given the pronounced evolution of the nonresonant mecha-
nisms with Q?, demonstrates that both the N (1440)1 /2% and
N(1520)3/2~ are excited states of the proton produced in the
s channel for the y, p interaction.

The electrocouplings for the N(1440)1/2% and
N(1520)3/2~ determined from the fits of the 77~ p cross
sections carried out independently in three overlapping W
intervals for Q> = 2.0-5.0 GeV? are shown in Figs. 8 and 9,
respectively. The nonresonant contributions in these three W
intervals are different, however the extracted electrocouplings
are consistent within the uncertainties, suggesting credible
extraction of these quantities.

In order to compare results for the N(1440)1/2" and
N(1520)3/2~ electrocouplings in the w7~ p electropro-
duction channel with the values from the analysis of 7N
electroproduction, we must use common decay branching
fractions to these final states for each resonance. Within the
JM23 model, the sum of the branching fractions into # N and
N accounts for almost 100% of the total decay widths
of the N(1440)1/2" and N(1520)3/2. Since the TN ex-
clusive electroproduction channels are the most sensitive to
contributions from the N (1440)1/2% and N(1520)3/2~, we
reevaluated the branching fraction for the decay to the w7 N

final states BF(w 7N )corr s
BF (N )eorr = 1 — BE(N). )

For these resonance decays to N, it turns out that the esti-
mated branching fractions BF(zw N )¢ are slightly (<10%)
different with respect to those obtained from the w7 p
fit [BF(mN)o]. Therefore, we multiplied the A and pp
hadronic decay widths of the N(1440)1/2* and N(1520)3/2"
from the mwtm~p fit by the ratio %. The electro-
0
couplings obtained were then multiplied by the correction

factors
BF(m 7t N )corr
Cy = | ——— = 10
"\ BF(aN) (10)

in order to keep the resonant parts and the computed 7 7~ p
differential cross sections unchanged under the re-scaling of
the resonance hadronic decay parameters described above.

A special procedure was developed for the evaluation of
the transverse A; (i = 1/2, 3/2) and longitudinal S; (i = 1/2)
electrocouplings analyzing the results from independent fits
of the electroproduction cross sections in the three W intervals
with electrocouplings and uncertainties A; ; £ 8A; jand S; ; &
3S; j, where the index j = 1 — 3 is the W interval. First, we
found the overlap range for the electrocouplings [A;nin — AN
(i=1/2,3/2)and [Sl?nin — ST (i = 1/2) from the data fit in
the three W intervals:

AP = min[A; ; + 84,1, S = min[S; ; + 85 ],
AP = max([A; ; — 8A; 1, ™ =max[S; ; — 85 ;1. (11)

Within these ranges the best data description was achieved in
all W intervals. Consequently, the mean values for A; and S;

TABLE VII. Masses and total/partial hadronic decay widths of the N(1520)3/2~ into 7 A and pp determined from fits of the 77~ p
electroproduction cross sections carried out independently within different Q? intervals. The new results from this work are given in the last
two rows. The results in the upper rows are available from previous studies [11,12] of the "7~ p electroproduction cross sections.

0? interval Mass ot | N BF; A | BF,,
(GeV?) (GeV) (MeV) (MeV) (%) (MeV) (%)
0.25-0.60 1.521 4 0.004 127 +4 35+4 24-32 16+5 8-17
0.5-1.5 1.520 £ 0.001 125+ 4 365 25-34 13+6 5-16
2.0-3.5 1.518 £ 0.003 12247 2945 19-30 15+6 7-18
3.0-5.0 1.522 +0.003 121+7 305 20-30 13£5 6-16
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FIG. 8. Electrocouplings of the N(1440)1/2% determined from
independent fits of the 77~ p electroproduction cross sections in
three W intervals, 1.41-1.51 GeV (blue squares), 1.46-1.56 GeV
(red circles), and 1.51-1.61 GeV (black triangles), for Q% = 2.0—
5.0 GeV? within the JM23 model.

were redefined as

Amin +Amax
A= % (i=1/2,3/2),
Smin +Smax
S; = % (i=1/2). (12)

There are three sources of uncertainties in the evaluation
of A; and S; in each of the three W intervals: (a) the range
of overlap between the electrocouplings determined from the
data fit defined in Eq. (11), (b) the root mean square (RMS)
for the mean values of the determined electrocouplings, i.e.,
RMSIA; ;] and RMSIS; ;], and (c) the differences between the
redefined electrocouplings according to Eq. (12) and their av-
erage values obtained from the data fit. The total uncertainties
were obtained as the quadrature sum of the contributions (a)
to (¢),

(Amax _Amin)2
8A; = || ——————— + (RMS[A; ;])* + AAZ,

4
AA; = AP AP D034
[ 2 3 ’
(Smax _ min)2
88; = | ———— + (RMS[S; ;])> + AS?
[ 4 ij i
Smin gmax . Si, .
AS; =2 er L 211,32,3 L (13)
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FIG. 9. Electrocouplings of the N(1520)3/2 determined from
independent fits of the 77~ p electroproduction cross sections in
three W intervals, 1.41-1.51 GeV (blue squares), 1.46-1.56 GeV
(red circles), and 1.51-1.61 GeV (black triangles), for Q% = 2.0—
5.0 GeV? within the JM23 model.

The electrocouplings determined for the N(1440)1/2" and
N(1520)3/27 are listed in Tables VIII and IX, respectively.
We consider these results as the final electrocouplings from
the analysis of the w7 p electroproduction cross sec-
tions within the JM23 model.

In Figs. 10 (left) and 11 (left) we compare the electrocou-
plings of the N(1440)1/2% and N(1520)3/2~ obtained from
analyses of = N electroproduction cross sections, beam, target,
and beam-target asymmetries within the unitary isobar model
and dispersion relation approach [10,59] with the results avail-
able from analysis of the nine independent onefold differential
st~ p electroproduction cross sections within JM23. The
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TABLE VIIL. N(1440)1/2% electrocouplings determined from
the 77~ p differential cross sections measured with the CLAS
detector [46,47] in three W intervals, 1.41-1.51 GeV, 1.46-1.56 GeV,
and 1.51-1.61 GeV, for Q> = 2.0-5.0 GeV? evaluated according to
Eqgs. (12) and (13).

TABLE IX. N(1520)3/2" electrocouplings determined from the
7+~ p differential cross sections measured with the CLAS detec-
tor [46,47] in three W intervals, 1.41-1.51, 1.46-1.56, and 1.51-
1.61 GeV, for 0% = 2.0-5.0 GeV? evaluated according to Eqgs. (12)
and (13).

Q? interval Ay x 1000 S1/2 x 1000 Q? interval A1y x 1000 S12 x 1000 Az x 1000
(GeV?) (GeV™'?) (GeV™'"?)  (GeV?) (GeV™'"?) (GeV™'"?) (Gev™'7?)
2.0-2.4 68.7 + 6.6 76+41  20-24 358 +4.8 —3.8+5.4 16.8 + 2.2
24-3.0 60.2 + 4.9 118442  24-30 —375+52 —4.1+56 158 + 3.2
3.0-3.5 323+7.5 87+53  3.0-35 257435 —0.1 424 9.0 + 3.5
3.5-4.2 24.6 + 3.6 11.6+30 3542 ~168+5.2 —33+ 14 112 + 43
42-5.0 228 +4.3 33420  42-50 ~156+6.7 —0.5+3.0 7.0 + 4.1
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FIG. 10. Left: N(1440)1/2" electrocouplings determined from the N differential cross sections, beam, target, and beam-target asym-
metries [10] (red triangles) and from the 77~ p differential cross sections (blue squares) for Q> = 2.0-5.0 GeV? presented in this
work. The electrocouplings from the 7N data after interpolation over Q? are compared with the results from the 77~ p data. Right:
N(1440)1/2% electrocouplings from the 7N and wtm~p data for Q> = 0.25-5.0 GeV>. The results from 7N electroproduction [10]
are shown by the red circles. The electrocouplings from the w7~ p differential cross sections measured with CLAS for Q% = 0.25—
1.5 GeV? [11,12] are shown by the green triangles. The electrocouplings determined within the JM23 model are shown by the magenta
diamonds. The photocouplings from the PDG [14] and from the CLAS 7N photoproduction data [58] are shown by the blue triangle and

square, respectively.
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FIG. 11. Left: N(1520)3/2~ electrocouplings determined from the mN differential cross sections, beam, target, and beam-
target asymmetries [10] (red triangles) and from the m+m~p differential cross sections (blue squares) for Q% =2.0-5.0
GeV? presented in this work. The electrocouplings from the 7N data after interpolation over Q> are compared with
the results from the m*m~p data. Right: N(1520)3/2 electrocouplings from the mN and m*tm~p data for Q* =0.25-
5.0 GeV2. The results from 7N electroproduction [10] are shown by the red circles. The electrocouplings from the 7~ p differential cross
sections measured with CLAS for Q% = 0.25-1.5 GeV? [11,12] are shown by the green triangles. The electrocouplings determined within the
JM23 model are shown by the magenta diamonds. The photocouplings from the PDG [14] and from the CLAS 7w N photoproduction data [58]
are shown by the blue triangles and squares, respectively.
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TABLE X. Mass and total /partial decay widths of the A(1600)3/2" into 7 A determined from the fit of 77~ p electroproduction cross
sections carried out independently within two intervals in Q% and within three overlapping intervals in W. The PDG parameters are listed in

the bottom row.

W interval Q? interval Mass ot | N BF;a
(GeV) (GeV?) (GeV) (GeV) (GeV) (%)

1.46-1.56 2.0-3.5 1.554+0.014 244 + 21 154 £+ 21 50-78
1.51-1.61 2.0-3.5 1.57 £0.018 259 + 21 169 £ 22 52-81
1.56-1.66 2.0-3.5 1.57 £ 0.042 256 £33 166 £ 34 46-90
1.46-1.56 3.0-5.0 1.56 & 0.030 249 + 37 158 £ 37 42-92
1.51-1.61 3.0-5.0 1.56 £0.030 249 + 34 158 £ 34 44-89
1.56-1.66 3.0-5.0 1.58 +0.039 263 £29 172 £ 29 49-86
PDG PDG 1.50-1.64 200-300 172 +29 73-83

analyses of the 7N and 7m+m~p data were carried out with
different Q” binnings. For direct comparison, the electrocou-
plings obtained from wN were interpolated over Q?, so that
the electrocouplings could be compared at the same Q? values.
The comparison between all currently available electrocou-
plings for the N(1440)1/2" and N(1520)3/2~ from CLAS
7N and 77~ p electroproduction is shown in Figs. 10 (right)
and 11 (right). Overall, good agreement has been achieved
between the electrocouplings of both the N(1440)1/2% and
N(1520)3/27 determined from independent analyses of the
N and 7w+~ p data.

The N and 77~ p electroproduction channels account
for the largest part of the total meson electroproduction
cross sections in the resonance region for W <2 GeV.
Their nonresonant amplitudes are different, however, the N*
electrocouplings obtained from independent studies of these
channels should be the same at each QZ, since the reso-
nance electroexcitation and hadronic decay amplitudes into
the different final states should be independent. Hence, con-
sistent results on the electrocouplings of the N(1440)1/2%
and N(1520)3/2~ deduced from 7N and w7~ p observed
within a broad range of Q? from the photon point to 5.0 GeV?
validates the extraction of the y, pN* electrocouplings from
the 777~ p electroproduction data.

B. Parameters for the A(1600)3/2+

After the discovery of several new excited states of the
proton from global multichannel analysis of exclusive me-
son photo- and hadroproduction data [6], the status of the
A(1600)3/2 was elevated to a four-star firmly established
state [14]. This resonance decays preferentially into 7 A and
has been included in the JM23 model.

The electrocouplings, mass, and total/partial hadronic de-
cay widths of the A(1600)3/2% have been determined for the
first time from independent analysis of the 7 7 ~ p differential
cross sections within three overlapping W intervals, 1.46—
1.56, 1.51-1.61, and 1.56-1.66 GeV, for Q> = 2.0-3.5 and
3.0-5.0 GeV?. The A(1600)3/2" contributes substantially to
each of these intervals.

The mass and hadronic decay parameters of the
A(1600)3/2* determined from independent fits within the
six overlapping (W, Q?) bins listed in Table X are consistent
within their uncertainties. They are also in good agreement

with reported PDG values [14]. The masses and hadronic de-
cay widths of N*’s excited in the s channel for y, p interactions
should be Q? independent, since the resonance electroexci-
tation and hadronic decay amplitudes are independent. The
resonance hadronic decay widths obtained from the data fit
within the three W intervals should also be the same since the
corresponding hadronic decay amplitudes are defined at the
resonant point W = My-. Therefore, the results in Table X
provide evidence for the manifestation of the A(1600)3/2%
as an s-channel resonance seen in w+m~p electroproduc-
tion. Furthermore, the pronounced 0? evolution observed
in the nonresonant contributions makes interpretation of the
A(1600)3/2" as a singularity of the nonresonant amplitudes
or a dynamically generated resonance unlikely. The successful
description of the w7~ p electroproduction data within the
(W, 0%) bins listed in Table X achieved with W- and Q?-
independent A(1600)3/2% mass and total/partial hadronic
decay widths has also demonstrated the capability of the JM23
model for the evaluation of the resonant contributions from
this state.

The procedure for the extraction of the A(1600)3/2% elec-
trocouplings is similar to that used for the N(1440)1/2% and
N(1520)3/2~ described in Sec. III. As starting values for the
A(1600)3/2" electrocouplings, we explored a £50% range
around the values predicted by CSM [51]. Under this varia-
tion, the 7w+~ p differential cross sections computed within
JM?23 are spread within a range that overlaps the measured dif-
ferential cross sections for the dominant part of the CLAS data
points [46,47]. The extracted A(1600)3/2" electrocouplings
within each of the three W intervals are shown in Fig. 12
(left). The nonresonant amplitudes in the three W intervals
are different; however, the determined A(1600)3/27" electro-
couplings are the same within their uncertainties. This success
solidifies the evidence for the extraction of the A(1600)3/2%
electrocouplings. The final results for the A(1600)3/2%
electrocouplings were determined by combining the results
obtained from the data fits in the three W intervals using
the procedure described in Sec. IV A. They are listed in Ta-
ble XI and shown in Fig. 12 (right). Currently, the CLAS
7t~ p electroproduction cross sections are the only data
from which electrocouplings of this state have become avail-
able. Extraction of the A(1600)3/2% electrocouplings from
7%p electroproduction data [60,61] will be the next important
step in the exploration of the structure of this state.
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FIG. 12. Left: A(1600)3/2" electrocouplings deduced from independent fits of the 7 "7 ~ p differential cross sections carried out within
three W intervals, 1.46-1.56 GeV (blue squares), 1.51-1.61 GeV (red circles), and 1.56—1.66 GeV (black triangles), for 0* = 2.0-5.0 GeV>.
Right: A(1600)3/2" electrocouplings evaluated by combining the results from the three W intervals as described in Sec. IV A.

V. INSIGHT INTO NUCLEON RESONANCE STRUCTURE

The new results on the y,pN* electrocouplings available
from the analysis of the CLAS mtm~p electroproduction
data for Q> = 2.0-5.0 GeV?, together with the previously
available results from 7N and 7 *7 ~ p electroproduction off

protons for 0% < 1.5 GeV?2, provide important input needed to
check theory predictions on the structure of N* states and their
emergence from QCD [3,7,8,37]. In this section, we describe
new opportunities for the exploration of the structure of the
N(1440)1/2%, N(1520)3/2, and A(1600)3 /2% provided by
the results on their electrocouplings.
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TABLE XI. A(1600)3/2" electrocouplings determined from the encoded in the QCD Lagrangian underpins the emergence of
7+~ p differential cross sections measured with the CLAS detector the dynamically generated gluon mass, which, at distances
in three W intervals, 1.46-1.56, 1.51-1.61, and 1.56-1.66 GeV, for on the order of the hadron size, approaches the mass scale
Q* = 2.0-5.0 GeV” evaluated as described in Sec. IV A. of ~0.4 GeV. This process is responsible for the sharp in-
crease of the QCD running coupling o /7 at distances where

Q? interval Ayjp x 1000 Si72 x 1000 Asp2 x 1000 perturbative QCD evolves into the strongly coupled QCD
(GeV?) (GeV~172) (GeV~2) (GeV~1/2) .

(sQCD) regime [39,41]. At quark momenta below 2 GeV,
2.0-2.4 117425 75422 221440 where o, /7 increases rapidly and becomes comparable with
2.4-3.0 —10.6 + 3.5 90+1.8 —16.4 +3.7 unity, the energy stored in the gluon field is transformed
3.0-3.5 —844+1.0 8.0+ 2.1 —145+3.8 into the momentum dependence of the dynamically generated
3.542 —-7.0+1.7 42415 —113+44  dressed quark mass, which increases rapidly with increasing
42-5.0 —49+1.1 51+2.1 —-9.2+27 distance (or inverse quark momentum) and approaches the

mass scale of ~0.4 GeV at quark momenta < 0.5 GeV. The
dressed quarks with momentum-dependent masses deduced
from QCD are treated as the building blocks for the quark core
of the ground and excited state nucleons. Their masses and
The CLAS results on the electrocouplings of the wave functions are obtained from the solution of the Faddeev

N(1440)1/2" have been described for 0* =2.0-5.0 GeV>  equations for three dressed quarks in the approximation of a
within different approaches. The relativistic light-front quark quark + diquark kernel [37,42,43].

A. N(1440)1/27 resonance structure

model [34] and the CSM [43] are shown as representative The diquark correlations employed in CSM are different
examPles in Fig. 13(a) for the description of its A, electro- in comparison with the rigid diquarks of constituent quark
coupling. models. In the CSM approach, diquarks represent correlated

The CSM approach provides a good description in the quark pairs, whose correlation amplitudes are computed as the
range of Q> =2.0-5.0 GeV? of the electrocouplings of the solution of the Bethe-Salpeter equation with the kernel for the
N(1440)1/2% as a bound quark + diquark system in its first two-dressed-quark interaction mediated by dressed gluon ex-
radial excitation [43]. Within this approach, the momentum Change starting from the QCD Lagrangian' The CSM diquark
dependence of the dressed quark and gluon masses has been is a dynamical object that interacts with the corresponding

evaluated from the solution of the QCD equations of motion third quark, forming a new correlated diquark pair, as shown
for the quark and gluon fields. The gluon self-interaction
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FIG. 13. (a) N(1440)1/2% A, electrocouplings determined from studies of 7N electroproduction (red circles) [10] and from 77~ p
electroproduction for Q%> < 1.5 GeV? (green triangles) [11,12] and for Q? = 2.0-5.0 GeV? available from this work (magenta diamonds). The
electrocoupling description within CSM [43], employing a momentum-dependent dressed quark mass deduced from the QCD Lagrangian, is
shown by the black solid line. The descriptions achieved within light-front quark models are shown that (i) implement a phenomenological
momentum-dependent dressed quark mass [34] (black dashed line) and (ii) account for both an inner core of three constituent quarks and
an external meson-baryon cloud [62] (blue dashed line). (b) The evolution of the N(1440)1/2% complex pole position available from the
analysis of meson photo- and hadroproduction data within the Argonne-Osaka coupled-channels approach [7,63] for running values of the
meson-baryon couplings from zero (corresponding to the bare quark-core mass on the real energy axis shown by the shaded gray circle) to
the finite values determined from the data. The mass of the observed N(1440)1/2% is determined by the two poles in the complex energy
plane labeled on the graph as A and B. The colored lines show the pole movement and splitting as the meson-baryon couplings increase. The
horizontal dashed lines show the cuts owing to the opening of the quasi-two-body channels with unstable hadrons.
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FIG. 14. Faddeev equation for computation of the masses and
wave functions of the quark core of the ground and excited states
of the nucleon. The kernel for the matrix-valued integral equations is
represented by the blue area.

in Fig. 14. The masses of the ground and excited states of
the nucleon of a given spin-parity J¥ have been obtained
as poles in the respective J” partial waves of the Faddeev
amplitude of the three dressed quarks from the solution of the
Faddeev equations depicted in Fig. 14. The wave functions
for the ground and excited states of the nucleon were obtained
from the Faddeev amplitude residues at the pole positions. The
electrocouplings are evaluated considering the virtual photon
interaction with the electromagnetic currents of the dressed
quark and diquark system for the transitions between diquarks
of the same or different spin-parities, and account for the
virtual photon interaction at the vertex describing diquark de-
cay to or recombination from the pair of uncorrelated quarks
shown by the blue shadowed area in Fig. 14 [42].

Within the light-front quark model [34,64], the
N(1440)1/27 is treated as a bound system of three constituent
quarks in their first radial excitation. The momentum
dependence of the constituent quark mass has been employed
in order to reproduce the experimental results on the nucleon
elastic form factors. With the same momentum dependence
of the constituent quark mass the model has succeeded in
providing a reasonable description of the electrocouplings of
all N* states in the mass range up to 1.6 GeV.

As shown in Fig. 13(a), both CSM and the light-front
quark model describe the N(1440)1/2% electrocouplings for
0% =2.0-5.0 GeV? by employing a momentum-dependent
quark mass with virtually coincident predictions. This success
demonstrates strong support for quarks with running mass as
active structural components in the ground and excited states
of the nucleon at distances where the contributions from the
quark core become the largest, which occurs at Q> > 2 GeV?
for the N(1440)1/2". However, both the CSM [43] and the
light-front quark model of Ref. [34] fail to reproduce the
N(1440)1/2% electrocouplings for Q> < 1 GeV?>. This failure
points to additional contributions to the structure relevant
at distances on the order of the baryon size. These contri-
butions arise from the meson-baryon cloud. The light-front
quark model of Ref. [62], which takes into account the con-
tributions from both the meson-baryon cloud and the quark
core to the structure of the N(1440)1/2%, provides a much
better description of the data at low Q?, while retaining a
reasonable description at higher Q. This feature explains the
success of the models that account for only the meson-baryon
degrees of freedom in describing the electrocouplings of the
N(1440)1/2% for Q* < 1 GeV? [65-67].

Taking into account the contributions from the quark core
and meson-baryon cloud allowed for the resolution of the
long-standing puzzle on the ordering of the masses of the

radial and orbital excitations in the N* spectrum. Most quark
models with quark interactions mediated by gluon exchange
predict the mass of the first radial excitation of three quarks
above the mass of the first orbital excitation. The experimen-
tal results, in contrast with these quark model expectations,
revealed that the mass of the N(1440)1/2% (1.440 GeV), a
state that represents the first radial excitation of three quarks,
is below that of the states belonging to the [70, 17] SU(6)
spin-flavor supermultiplet (1.520 and 1.535 GeV for the light-
est states) and thus should be expected as the first orbital
excitation of three quarks. Coupled-channels analyses of the
meson photo- and hadroproduction data carried out by the
Argonne-Osaka group [7,63] [see Fig. 13(b)] revealed that, in
the limit of zero meson-baryon coupling corresponding to the
contribution from just the bare quark core, the mass of 1.76
GeV of the N(1440)1/2" radial excitation would be above
the masses of the lightest N* in the [70, 17] supermultiplet,
and hence in agreement with the quark model expectations.
As the meson-baryon couplings increase toward the values
established in the data analysis, the single pole on the real
energy axis moves into the complex energy plane and eventu-
ally splits into two poles A and B related to the N(1440)1/2*
properties, while the third pole C moves toward the mass
range above 1.7 GeV as shown in Fig. 13(b). Therefore, the
meson-baryon dressing is responsible for the shift of the bare
quark core mass down to the value of the measured mass,
below the lightest states in the [70, 1~] supermultiplet.

The CLAS results on the N(1440)1/2% electrocouplings
available over a broad range of Q> < 5.0 GeV? (see Fig. 13)
have revealed its structure as an interplay between the inner
core of three dressed quarks in their first radial excita-
tion augmented by the external meson-baryon cloud. The
meson-baryon degrees of freedom are most relevant for Q* <
1 GeV?, while photons of virtualities Q% > 2 GeV? interact
mostly with the quark core. Therefore, higher Q? studies
are preferential for the exploration of the quark degrees of
freedom in the structure of this state. Thus studies of the
N* electrocouplings over a broad Q? range are necessary to
establish the relevant degrees of freedom in their structure and
to shed light on their distance-dependent evolution.

The CSM analysis has provided predictions for the quark
core wave function of the N(1440)1/27 in terms of quark +
diquark configurations of certain values of the orbital angular
momentum of the quark relative to the diquark, as well as for
certain isospin and spin-parity values for the diquarks [68].
The Faddeev equations are Poincaré covariant and their solu-
tion is available in any reference frame. For comparison with
the quark model expectations, the quark + diquark content in
the analysis of Ref. [68] was evaluated in the resonance rest
frame.

Evaluations of the contributions from quark + diquark
configurations into the resonance mass within CSM showed
that the dominant part of the bare quark core mass of the
N(1440)1/27" is created by a configuration with a scalar
diquark of spin-parity J¥ = 0T and relative orbital angular
momentum L = 0 of the quark. This fully relativistic finding
based on the QCD Lagrangian is in good agreement with
expectations from the majority of constituent quark models
[7,21,22,35,64]. However, the evaluation of the contributions
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from the quark + diquark configurations in the N(1440)1/2%
wave function has revealed a more complex pattern: (a) the
contributions from scalar J¥ = 0T and axial-vector diquarks
become comparable and (b) higher orbital angular momenta
of the quark also contribute to the wave function. Therefore,
studies of only the spectrum of N* states have limited sensi-
tivity to their structure. Any statement on N* structure based
solely on analysis of the N* spectrum is tenuous as such stud-
ies only account for the wave function behavior at distances
comparable with the hadron size. The full complexity of the
N* wave function can be mapped out from the results on the
Q? evolution of the electrocouplings as they are sensitive to
all configurations contributing to the wave function and their
distance-dependent evolution.

Lowest-order Chebyshev projections for all configurations
contributing to the N(1440)1/2% quark core wave function
evaluated within CSM [68] revealed zeros in their dependen-
cies on the relative quark + diquark momentum. This serves
as evidence for a radial excitation in the three quark sys-
tem. Again, this finding, obtained under direct connection
to QCD, explains the success of the quark model results
[7,21,22,35,64] for the quark core of the N(1440)1/2% as
a radial excitation of the three quark system. The good
description of the N(1440)1/2% electrocouplings obtained
from the w7~ p electroproduction data of this work and
from N electroproduction for 0% = 2.0-5.0 GeV? achieved
with CSM supports these predictions on its quark core wave
function.

B. N(1520)3/2~ resonance structure

The detailed and consistent information on the electro-
couplings of the N(1520)3/2 available for Q> < 5.0 GeV?
from the studies of wN and 77~ p electroproduction sheds
light on the relevant degrees of freedom in its structure. From
its SU(6) assignment, the quark core of the N(1520)3/2~
can be described as three quarks in the octet flavor SU(3)-
multiplet of mixed permutation symmetry with spin S =
1/2 and orbital angular momentum L = 1 [22,69]. The pre-
dicted N(1520)3/2~ electrocouplings accounting for only this
three-quark configuration have become available from the rel-
ativistic quark model [69] and are shown in Fig. 15 by the
dotted red lines. These predictions are in strong disagreement
with the experimental results. These significant discrepancies
suggest that the structure of the N(1520)3/2~ quark core is
more complex than expected from its SU(6) assignment.

A reasonable description of the N(1520)3/27 electro-
couplings has been achieved within the framework of the
hypercentral constituent quark model (hCQM) [22]. Within
this approach, the space part of the N(1520)3/2~ quark core
wave function in the resonance rest frame is described by
six coordinates consisting of two solid angles 2,, €2;, hy-
perangle &, and hyperradius x. Relations between &, x, and
the p and A vectors that describe the three quark systems
can be found in Ref. [22]. Both & and x are determined by
the coordinates of the three quarks. The wave function of
the three-quark system expressed in terms of the hypercentral
coordinates effectively accounts for the interactions between
the three quarks, resulting in their binding into the quark
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FIG. 15. N(1520)3/2~ electrocouplings determined from stud-
ies of =N electroproduction (red circles) [10], and from 77~ p
electroproduction for Q% < 1.5 GeV? (green triangles) [11,12] and
for 0 =2.0-5.0 GeV? available from this work (magenta dia-
monds): AI/Z(QZ) (top), Sl/z(Qz) (middle), and A3/2(Q2) (bottom).
The electrocoupling descriptions achieved within the light-front
quark model that includes only the three-quark configuration ex-
pected for the SU(6) assignment of the N (1520)3/2~ [69] are shown
by the dotted red lines. The results of the light-front quark model [34]
that employs three quark configuration mixing and a phenomeno-
logical parametrization for the running quark mass and from the
hypercentral constituent quark model [22] are shown by the solid
blue and dashed black curves, respectively.

core. The confining potential employed in the hCQM is a
function of x and consists of two parts: A Coulomb term
relevant for distances close to the pQCD regime o 1/x and
a linear confining part o< x. The SU(6)-violating part of the
qq interaction consists of the hyperfine term stemming from
vector particle exchange between the two quarks and the
quark-flavor mixing term mediated by pseudoscalar meson
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exchange. Both terms are supported qualitatively by the CSM
approach [25,42]. The dressed gluon exchange represents the
vector particle exchange between two quarks, while pseu-
doscalar meson exchange could be traced back to dynamical
chiral symmetry breaking at distances comparable with the
baryon size scale. Both SU(6) violating terms and the linear
confining term underlie the three-quark configuration mixing.
The electrocouplings of most N*’s have been computed within
the hCQM for Q? < 5.0 GeV?, keeping all model parameters
at the values that fit the N* spectrum. The hCQM results on the
Q? evolution of the N(1520)3/2~ electrocouplings [22] are
shown in Fig. 15 by the dashed black lines, and a reasonable
description has been achieved for Q> > 2.5 GeV2.

The N(1520)3/2~ electrocouplings have also been com-
puted within the light-front quark model [34] and are shown
in Fig. 15 by the solid blue lines. The major features of
this model were highlighted in Sec. V A. The electrocou-
plings of most N*’s in the mass range below 1.6 GeV have
been evaluated within this model by employing the same
momentum-dependent quark mass deduced from the fit of
the electromagnetic nucleon elastic form factors. A reason-
able description of the CLAS results for the N(1520)3/2~
electrocouplings has been achieved for Q> = 1.5-5.0 GeV>.
The analysis of the CLAS results on the N(1440)1/2" and
N(1520)3/2~ electrocouplings within the light-front quark
model [34] suggests that quarks with momentum-dependent
mass represent the active degrees of freedom for the quark
core structure of these states. Studies of the N(1520)3/2~
electrocouplings within these models [22,34] have also
demonstrated the important role of three-quark configuration
mixing in the generation of this state. However, both of these
models fail to describe the N(1520)3/2 electrocouplings for
0% < 1 GeV?. These discrepancies are suggestive of substan-
tial meson-baryon cloud contributions relevant at distances
comparable with the baryon size. The CLAS results on the
N(1520)3/2~ electrocouplings show that its structure arises
as a convolution between the external meson-baryon cloud
and the inner core of three dressed quarks.

The contributions from different quark 4 diquark config-
urations to the quark core of the N(1520)3/2~ have been
evaluated within the CSM approach [70]. These studies
demonstrated that 92% of its quark core mass is generated by
configurations with axial-vector diquarks of J¥ = 1*, while
the combined contributions of the configurations with scalar
JP = 0% and axial-vector diquarks account for almost 100%
of the quark core mass, and with respect to the relative angular
momentum the P-wave quark in the quark 4+ diquark rest
frame generates 98% of the N(1520)3/2~ quark core mass.
These CSM evaluations demonstrate that the dominant part of
the quark core mass of this state is created by quark + diquark
configurations consistent with its SU(6) assignment as the first
orbital excitation of three quarks of L = 1 and total quark spin
S=1/2.

However, analysis of the contributions from quark +
diquark configurations to the Faddeev amplitude or wave
function of the N(1520)3/2~ reveals a more complex pat-
tern that becomes evident in the studies of the contributions
from the pairs of quark 4 diquark configurations with orbital
angular momenta L and L’ in the canonical normalization
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FIG. 16. (a) Color map for the contributions to the N(1520)3/2~
wave function from quark + diquark configurations with L and L’
orbital angular momenta in the canonical normalization constant
of the N* wave functions accounting for S, P, D, and F quark
orbital angular momenta. Here, L and L’ represent the quark orbital
angular momenta in the resonance wave function and its conjugate,
respectively. The axis labels represent the parts of the Faddeev am-
plitude that contain this information [70]. (b) The contributions from
the pairs of quark 4 diquark configurations to the canonical nor-
malization constant of the N(1520)3/2~ quark core wave function
computed within CSM [70] in the resonance rest frame. The color
code is shown in panel (a).

constant for the resonance wave function evaluated in its rest
frame. Here, L and L’ represent the quark orbital angular
momenta in the resonance wave function and its conjugate,
respectively. The results are shown in Fig. 16. The major
part of the N(1520)3/2~ quark core wave function is de-
termined by interference between P and D waves and by
the negative contribution of the D wave. The contribution
from the P wave is smaller but non-negligible. These results
qualitatively support the quark model findings on the substan-
tial role of quark configuration mixing in the N(1520)3/2~
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quark core wave function. The CSM studies demonstrated
that the spectroscopic N(1520)3/2~ mass is determined by
just a P-wave quark + diquark configuration consistent with
the SU(6) assignment for this state. Therefore, studies of only
the N* spectrum do not have sufficient sensitivity to elucidate
the complexity of its structure. Indeed, the resonance masses
are determined by just the long wavelength part of the wave
function. Instead, the electrocouplings are sensitive to the
contributions from different quark + diquark configurations,
shedding light on the full complexity of their structure.

Consequently, a comparison between the predicted CSM
results on the Q? evolution of the N(1520)3/2  electro-
couplings with the results determined from the mN and
77~ p electroproduction data measured with CLAS provides
a sensitive tool for validation of the CSM expectations on
the complexity of quark 4 diquark configuration mixing in
the N(1520)3/2~ wave function obtained under a traceable
connection to the QCD Lagrangian. The evaluations of the
N(1520)3/2~ electrocouplings within CSM are currently in
progress.

C. A(1600)3/2" resonance structure

The predictions of the Q*-evolution of the A(1600)3/2*
electrocouplings became available in 2019 within the CSM
[51]. These evaluations employed the same momentum-
dependent dressed quark mass deduced from the QCD
Lagrangian and the same framework was used for solving the
Faddeev equation to obtain the A(1600)3/2% wave function
as used previously in the description of the N(1440)1/2%
electrocouplings [43]. There are no additional free param-
eters in the computation of the A(1600)3/2% electrocou-
plings. Furthermore, in 2019 no experimental results for the
A(1600)3/2* electrocouplings were available. These have
been obtained for the first time from this work. These CSM
predictions are shown in Fig. 17 by the solid lines in compar-
ison with the results determined from the data.

The studies of the electrocouplings have demonstrated
that the N* wave functions are determined by the combined
contributions from the quark core and meson-baryon cloud.
The CSM evaluation of the A(1600)3/2% electrocouplings
accounts for the contribution from only the quark core. There-
fore, for comparison with the CSM expectations, the values
deduced in this work should be divided by a factor to account
for the contribution from only the three quark core component
to the full resonance wave function normalization. This factor
should be the same for all three A(1600)3/2% electrocou-
plings and Q° independent. We obtained this factor of 0.6
from the best description of the nine onefold differential cross
sections for W = 1.46-1.66 GeV and Q% =2.0-5.0 GeV?
by varying the common multiplicative factor for the three
A(1600)3/2" electrocouplings in the range from 0 to 1 with
the other parameters of the JM23 model that had been ad-
justed to fit the 77~ p electroproduction cross section data.
Figure 17 shows the electrocouplings from the right column
of Fig. 12 divided by a factor of 0.6 and compared with
the CSM expectations. The results on the Q® evolution of
the A(1600)3/27" electrocouplings deduced from the 7+~ p
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FIG. 17. A(1600)3/27 electrocouplings obtained in this work:
Ay (top), Sij2 (middle), and A3/, (bottom). For comparison with
the CSM predictions [51] (solid black lines), the electrocouplings
determined from the 77~ p data analysis have been divided by a
factor of 0.6 to account for the missing contributions from the meson-
baryon cloud in the CSM (see Sec. V C for details).

electroproduction data in this work have confirmed the CSM
predictions.

The quark core structure of the A(1600)3/2" in terms
of the contributing quark + diquark configurations has been
computed in Ref. [71]. It was found that nearly 100% of
the mass of this state is generated by the quark + diquark
configuration with an axial-vector diquark of J* = 1* and a
quark in a relative S wave in the resonance rest frame. The
Chebyshev moment of this dominant configuration shows a
clear zero crossing, providing evidence for a radial excitation.
Hence, the underlying mass generation configuration for the
A(1600)3/2" quark core evaluated within the CSM is consis-
tent with the SU(6) assignment of this state as the first radial
excitation of three quarks in an S wave coupled to isospin 3/2.
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FIG. 18. The contributions of quark + diquark configurations
with orbital angular momenta L and L’ in the canonical normalization
constant of the A(1600)3/2% quark core wave function computed
within CSM in the resonance rest frame [71]. The color code is
shown in Fig. 16.

Studies of the contributions of quark + diquark configura-
tions with orbital angular momenta L and L’ in the canonical
normalization constant for the resonance wave function in its
rest frame again revealed a much more complex structure of
this state as shown in Fig. 18. The leading contribution arises
from interference between S and F waves with subleading
contributions from the D wave and interference between P and
D waves. As in the case of the N(1520)3/27, the mass of the
A(1600)3/2* does not have enough sensitivity to unravel the
full complexity of the wave function that can only be revealed
in the studies of the Q? evolution of its electrocouplings.
Confirmation of the CSM predictions on the Q? evolution
of the A(1600)3/2% electrocouplings by the experimental
results obtained in this work validates the structure of its quark
core evaluated within CSM under connection to the QCD
Lagrangian.

VI. CONCLUSIONS AND OUTLOOK

A good description of the nine independent onefold differ-
ential 77~ p electroproduction cross sections off the proton
has been achieved within the data-driven JM23 reaction model
at W = 1.41-1.66 GeV for Q> = 2.0-5.0 GeV>. Comparable
uncertainties have been achieved for the extracted resonant
contributions in the model fits and the measured cross sec-
tions. The resonance electrocouplings have been determined
from the resonant contributions by employing a unitarized
Breit-Wigner ansatz, allowing the restrictions imposed by a
general unitarity condition on the resonant amplitudes in ex-
clusive w7~ p electroproduction to be taken into account
[11,52]. The y,pN* electrocouplings of the N(1440)1/27,
N(1520)3/2~, and A(1600)3/2" resonances have been de-
termined from the 7w+ ~ p electroproduction data for the first
time for 0% = 2.0-5.0 GeV>.

The electrocouplings of the N(1440)1/2% and
N(1520)3/2~ determined in this work are in good agreement
with the results determined independently from the 7 "7 and

7% electroproduction channels [10]. The consistency of
the results from independent studies of 7N and w7 p
with completely different nonresonant contributions,
supports the capabilities of the JM23 reaction model for
the extraction of the resonance electrocouplings from 77~ p
electroproduction data. Furthermore, consistent results on
the electrocouplings of the N(1440)1/2%, N(1520)3/27,
and A(1600)3/2% for Q* = 2.0-5.0 GeV?, available from
the independent fits of the 77~ p electroproduction cross
sections in three overlapping W intervals with the contribution
from the same resonance and different nonresonant
amplitudes, solidifies the capability of the JM23 model
to provide information on the resonance electrocouplings and
their partial hadronic decay widths into the 7 A and pp final

states.
A successful description of the 77~ p electroproduction

cross sections achieved for Q% = 0.2-5.0 GeV? [11,12,18]
with the same Q’-independent masses and total/partial
hadronic decay widths for the N(1440)1/2%, N(1520)3/2%,

and A(1600)3/2", suggests that these nucleon excited states
are produced in the s channel of the y, p interaction.

The new results on the electrocouplings presented in this
work extend the available information on the structure of N*
states in the mass range up to 1.6 GeV. Analyses of these
results within the Argonne-Osaka coupled-channels approach
[31,32,63], quark models [34,35,62], and within CSM under
connection to the QCD Lagrangian [39,43] have revealed the
structure of these states as a complex interplay between an
inner core of three dressed quarks and an external meson-
baryon cloud. Studies of the electrocouplings over a broad
range of Q7 are critical to reveal the structure of these states.
At 0> <1 GeV?, the contribution from the meson-baryon
cloud to the interaction with virtual photons at large distances
is maximal. With increasing Q?, photons of high virtuality
penetrate the external meson-baryon cloud and interact mostly
with the core of three dressed quarks, elucidating the three-
quark component in the structure of the N* states.

Continuum Schwinger methods [38,43] have provided a
successful description of the N(1440)1/2" electrocouplings
for Q* =2.0-5.0 GeV? by employing the momentum de-
pendence of the dressed quark mass deduced from the QCD
Lagrangian. The CSM results are virtually the same as
those obtained within the relativistic light-front quark model
[34,64], which employed a phenomenological momentum-
dependent dressed quark mass fit to the results on the nucleon
electromagnetic elastic form factors. The predictions of the
Q? evolution of the A(1600)3/2% electrocouplings made by
CSM in 2019 [51] with the same dressed quark mass function
as described above have been confirmed by the results ob-
tained in this work from the 7+~ p electroproduction data.
All of these studies demonstrate the relevance of dressed
quarks with momentum-dependent running mass as the active
degrees of freedom in N* structure.

The results of this work on the electrocouplings of the
N(1520)3/27, as well as the previously available results from
the studies of m N electroproduction [10], provide a promising
opportunity for CSM and other QCD-based approaches as
they become available to explore the relevance of dressed
quarks to N*’s of different structure. In constituent quark
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models, this state is treated as three quarks with orbital angular
momentum L = 1 and belonging to the [70, 17] SU(6) spin-
flavor multiplet. CSM evaluations of the electrocouplings of
this state are currently in progress.

In the near future we are planning to determine from the
CLAS 7t~ p electroproduction data the electrocouplings of
the most prominent nucleon excited states in the mass range of
W = 1.6-2.0 GeV for Q% = 2.0-5.0 GeV>. Analyses of these
results provide additional promising opportunities for hadron
structure theory to shed light on many facets of the dynamics
in the strong QCD regime seen in excited states of the nucleon
with different structural features emerge from QCD. These
studies also motivate the potential increase of the Jefferson
Lab electron beam energy up to 22 GeV, which will offer a
unique way to explore the full range of distances where N*
structure emerges in the transition from the perturbative to the
strongly coupled QCD regime [72].
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