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The second excitation of the nucleon, the Roper, has properties differen-
tiated from other low-lying nucleon resonances. Their properties challenge
our understanding of the structure of the baryons in terms of the degrees
of freedom from QCD. In the present work, we discuss the properties of
the Roper resonance and the nucleon to Roper electromagnetic transition,
based on the quark degrees of freedom, that are expected to dominate for
large square momentum transfer Q2. We also discuss the analytic structure
of the transition amplitudes in the low-Q? region, and how the contributions
of baryon-meson states can help to describe the low- and intermediate-Q?
data, and the nature of the Roper.
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1. Introduction

David Roper contributed significantly to the study of nucleon resonances
and to the discovery of the second excitation of the nucleon. In the spectrum
of the nucleon excitations (N*), reported by Particle Data Group [1], the
3+
2

first nucleon resonance is the A(1232)5 ", and the Roper, now labeled as

the N(1440)%Jr state, appears as the next excited state. Contrary to the
A(1232), identified clearly as an isolated peak on the v*N — wN cross
sections, the N (1440) state is more deceptive. The N (1440) state was found
by Roper and collaborators in the phase shift analysis of the elastic 7/V
scattering [2, 3|. Traces of the N(1440) state can be better found in the
two-pion production channels (N* — 7w N) [4-10].

In the v*N — 7N cross sections, N(1440) appears at the threshold of

the second resonance region, a region dominated by the N (1520)%_ and

N(1535)2" resonances. The N(1440) contribution for the 7N channel is,
however, overshadowed in the presence of those other resonances. Evidence
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of the effect of the Roper can also be observed in NN — NNzw reac-
tions [11-14], and in the N* contributions to the inclusive distribution func-
tions of the nucleon [15]. In contrast, the impact of the Roper on the nucleon
Compton scattering is small [16].

As discussed plentifully in the literature of the last 50 years, the nature
of the Roper resonance has been a long-standing mystery. Within the quark
model framework, the resonance quantum numbers are consistent with the
first radial excitation of the nucleon N (940)%+. The measured mass and
decay width are, however, difficult to explain in terms of the valence quark
degrees of freedom [17-21]. Models based exclusively on valence quarks pre-
dict a large mass, while the decay rates have significant contributions from
7N states, including 7A and o N channels [1]. Studies of the nature of the
Roper assume different compositions for the resonance, including gluon ex-
citations [22], strong o N contributions [23], the interpretation of the system
as a breathing mode of the nucleon (quark soliton model) [24, 25|, or that
it is a dynamically generated resonance [26-31|. Discussions on the subject
can be found in other articles in David Roper’s special volume. For more
details, we recommend the reviews of Refs. [4, 6, 21].

Our interest in the Roper was triggered by the experimental develop-
ments in the studies of the v* N — N* transitions at the Jefferson Lab (JLab-
6 GeV), more specifically, by the measurements of the v*N — N (1440) he-
licity amplitudes above Q% = 1 GeV?2, up to Q? = 4.3 GeV? [7, 32]. The new
measurements re-initiated the discussion about the dynamical structure of
the N(1440) state.

Our approach to the Roper was motivated by the success of our previ-
ous studies, using a quark model framework, on the nucleon elastic form
factors [33], and on the v*N — A(1232) transition form factors [34-42|. In
those studies, we considered the covariant spectator quark model, where the
structure of the wave functions of the baryons is established by the SU(6)
quark-flavor symmetry, and the shape of the radial wave functions is de-
termined by symmetry and by phenomenology [33, 43-45]. The proposed
formalism aims to describe the transition form factors, rather than the static
properties of the baryons (masses, charge radii, etc.).

Inspired by previous studies based on quark models [46, 47|, we assume
that the resonance N(1440) can be interpreted as the first radial excitation
of the nucleon, and use the properties of our model to calculate the v*N —
N (1440) transition amplitudes and transition form factors. Our calculations
require no additional parameters apart from the ones used in the study of
the structure of the nucleon [48].

From the comparison with the JLab data [7—10], we conclude that our
model calculations are in good agreement with the measured data, above
Q? = 2 GeV?, supporting the assumption that N(1440) can be in fact the



Nucleon to Roper Transition Amplitudes and Electromagnetic . .. 2-A11.3

first radial excitation of the nucleon and it is dominated by the effects of
the valence quarks. Our model calculations are, however, unable to provide
an accurate description of the data in the Q? = 0-1.5 GeV? region. The
gap between our calculations and the data at low Q? may be a consequence
of our approximations for the Roper wave function, but can also be an in-
dication that additional interactions besides the photon—quark interactions
are necessary to describe the v*N — N(1440) transition. The missing ef-
fects may be the contributions from baryon—mesons states, also called meson
cloud contributions [4, 6, 44, 49-51]. This interpretation suggests then a hy-
brid structure, where the quark substructure is revealed at large Q2, and a
molecular baryon-meson structure emerges in the low-Q? region.
Motivated by the success of the calculations for the v*N — N(1440)
transition, we use the covariant spectator quark model to calculate also the
v*N — N* transition amplitudes, where N* is the second radial excitation
of the nucleon, at large Q2 [52]. We apply the methodology implemented
to the Roper, also to the study of the Roper version of the A(1232), as-

sociated with the radial excitation of the A(1232)%+, the A(lGOO)%Jr [53].
Our calculations will be compared with the recent measurements of the
v*N — A(1600) amplitudes from JLab [10]. Our studies of the electro-
magnetic transitions between the nucleon and the first and second radial
excitations of the nucleon and on the v*N — A(1600) transition will be
discussed in the present article.

We also studied the v*N — N(1440) transition using a holographic
model derived from AdS/QCD in leading order approximation, taking into
account exclusively the contributions of the valence quarks [54, 55]. We
conclude at the end that holographic estimates are similar to the estimates
of the covariant spectator quark model.

We complement the discussion of the model calculations based on valence
quark degrees of freedom with a discussion of the analytic properties of the
v*N — N(1440) transition amplitudes near the photon point [56-58|, and
with the discussion of the relevance of taking into account the contributions
associated with the meson cloud dressing of the baryon cores.

The present article is organized as follows: In the next section, we in-
troduce the formalism associated with the v*N — N(1440) transition. The
theoretical frameworks used in the article: covariant spectator quark model
and light-front holography are discussed in Section 3. Numerical calculations
for the v*N — N(1440) transition amplitudes, transition form factors, and
a discussion about the parametrizations of the data at low 2, are presented
in Section 4. The v*N — A(1600) transition is discussed in Section 5. We
finish with a general discussion of the present status of our understanding
of the structure of the Roper, in Section 6, and with the outlook and con-
clusions, in Section 7.
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2. Electromagnetic transition between the nucleon
and the Roper resonance

We introduce now the formalism used in the study of the v*N — N*
transitions, and the y*N — N(1440) transition in particular. In the fol-
lowing, we use M for the mass of the nucleon, and Mg for the mass of the
nucleon excitations, respectively.

The study of the electromagnetic transition between the nucleon (mo-
mentum Py ) and the nucleon excitation N* (momentum Ppg) requires the
knowledge of the transfer momentum ¢ = Pg — Py and the spin-parity (JF)
quantum numbers of the N* state. The v*N — N* transition amplitudes
are measured in electron-nucleon scattering when Q% = —¢? > 0.

In the case of the Roper (JF = %Jr), the transition current takes the
form

ot qy
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m
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where y# is the Dirac matrix, o* = £[y*, "], and F1(Q?) and F5(Q?) define
the Dirac and Pauli form factors, respectively.

The representation (1) requires that Fy(Q?) ~ Q?F](0) near Q> = 0,
leading to F1(0) = 0. Alternative representations for the current (1) have
been proposed. See Refs. [4, 6, 56] for more detailed discussions.

For the definition of the transition amplitudes, it is convenient to use the
kinematics of the N* rest frame in terms of the photon three-momentum g

PN:(E70707_|qy)a PR:(MR707070)7 q:(w,0,0,|q|), (2)

where

V@LQ%
gl = Y—— Q1= (Mp+M)?+@Q%, (3)

oMp
M2 M2 2 M2 - M2 _ N2
p = MatMIAQT o My A (4)
9Mp 2Mp

We will also use the fine-structure constant o ~ 1/137, and

M2_M2 2
g=Mio M@0 (5)
2Mp (MR+M)2

The transverse (A; /2) and longitudinal (.5 /o) amplitudes associated with
the v*N — N(1440) transition, also known as helicity amplitudes, can now
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be written in terms of the transition form factors as
A (@) =R [F1 (Q%) + F» (@] . (6)

50@) = St M m @) @) @

where 5
2ra Q-
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For the discussion of the properties of the v*N — N(1440) transition,
it is worth mentioning that the form factors F} and F5 are independent
functions, while the helicity amplitudes are linear combinations of the form
factors. In Section 4.1.1, we comment on empirical parametrizations of the
v*N — N (1440) transition amplitudes.

The transition form factors, F} and F», and the helicity amplitudes A,
and S /5, are well-defined in the region |g| > 0, corresponding to the Q? >
—(Mpg — M)? region. The point |g| = 0, equivalent to Q* = —(Mg— M)?, is
called pseudothreshold [56]. The region —(Mpr — M)? < Q* < 0 cannot be
accessed by electron—nucleon scattering [51, 57|. Near the pseudothreshold,
the helicity amplitudes must have a well-defined dependence on |q| [4, 57, 58].
The properties of the v*N — N(1440) amplitudes in the low-Q? region are
discussed in Section 4.3.

3. Theoretical models for the nucleon
and N* electromagnetic structure

We discuss now some theoretical frameworks that have been used in the
study of the v*N — N(%Jr) transitions.

3.1. Covariant spectator quark model

The covariant spectator quark model is based on the covariant specta-
tor theory [59, 60]. In the formalism, the baryons are treated, in the first
approximation, as a system of three quarks. The development of the formal-
ism was more motivated by the description of the internal structure of the
baryons, rather than the prediction of the baryon spectrum and the static
properties of the baryons [4, 5, 33, 43, 44].

The spin-flavor structure of the wave functions of the baryons is derived
from the SU(6) symmetry group. In the formalism, however, the radial
wave functions are not calculated by a wave equation with some complex
and non-linear potential, as in most quark models. The shape of the radial
wave functions is instead estimated phenomenologically by empirical data
or lattice data for some ground states [33, 44].
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The electromagnetic transition current between baryon states is calcu-
lated using relativistic impulse approximation, where the photon interacts
with an off-shell quark, while the two other quarks are on-shell spectators.
Within the covariant spectator theory, one can integrate over the momen-
tum of the two on-shell quarks and reduce the three-quark wave function to
a quark—diquark wave function, where the effective diquark has an averaged
mass mp |5, 33, 45]. The effective quark—diquark wave function ¥p simu-
lates the effect of confinement, and is consistent with the chiral symmetry
when the mass of the quarks vanishes |5, 33|.

The photon-quark coupling is determined by a quark current j4 that
can be decomposed in terms of Dirac (j1) and Pauli (j2) quark form factors,
which encode the gluon and quark—antiquark substructure of the constituent
quarks effectively.

The v*B — B’ transition current can then be calculated in relativistic
impulse approximation, using

ot q,
oM

I = / T (P k) 8 U (P k), 35 (Q%) = jin® + o . 9)

k

where Wi (¥p/) is the wave function of the initial (final) state, Pg (Pp) is
the initial (final) momentum, %k is the momentum of the diquark, and the
integration sign represents the covariant integration in the diquark on-shell
momentum. For convenience, the quark Pauli form factor is defined in terms
of the nucleon physical mass. The previous relations can be used to calculate
the v*B — B’ transition form factors.

The quark Dirac and Pauli form factors can be decomposed into the
functions f;;(Q?), where i = 1,2, and £ = 0, + represent the strange quark
component (¢ = 0) and +/— the isoscalar/isovector components. These
functions are parametrized using a vector meson dominance form based on
a few vector meson mass poles (p, w, ¢, etc.) [43, 61].

The covariant spectator quark model was originally developed for the
nucleon electromagnetic structure [33]. The studies for the nucleon estab-
lished the parametrizations of the quark electromagnetic form factors f;+
and the radial wave functions of the nucleon used in further applications of
the model to the nucleon resonances. Reviews of the calculations associated
with nucleon resonances can be found in Refs. [4, 44].

The covariant spectator quark model formalism has been generalized
to the SU(3) flavor sector for the study of baryons with strange quarks
(hyperons) [43, 61-65]. Taking advantage of the quark form factor struc-
ture based on vector meson dominance and the form of the radial wave
functions, the model has been extended to the lattice QCD regime (large
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pion masses) [36, 37, 61], to the timelike regime (Q* < 0) [38, 39, 66, 67],
and to the electromagnetic and axial structure of baryons in the nuclear
medium [68-71].

The above discussion takes into account only the effects associated with
the valence quark degrees of freedom. There are, however, some processes
such as the meson exchanged between the different quarks inside the baryon,
which cannot be reduced to processes associated with the dressing of a single
quark. Those processes can be regarded as a consequence of the meson ex-
changed between the different quarks inside the baryon, and can be classified
as meson cloud corrections to the hadronic reactions [61, 63, 72].

3.2. Radial excitations of the nucleon

We focus now on the description of the radial excitations of the nucleon,
including the Roper. The nucleon and the Roper are characterized by the
same spin—isospin structure. The differences between the states come then
from the differences between the radial wave functions.

The nucleon radial wave function vy is represented in the Hulthen
form [33, 48] as

No (M —mp)*—(P—k)?
mp (B1+xwn) (B2+xn) = Mmp

¢N<P7 k) = ) (10)

where Ny is a normalization constant, P is the nucleon momentum, and 33
and (o are two dimensionless parameters that define the range of the radial
wave functions in the momentum space. Numerically, we consider 8y > f1,
thus 61 regulates the long-range structure, while 85 regulates the short-range
structure in the position space. The form (10) ensures the expected falloff
for the nucleon elastic form factors at large Q*: Gg, Gy o« 1/Q%.

The Roper radial wave function, labeled here as ¥y, can be defined in
the form

_ Ny B3 — XN1
Yni(P k) = mp (B1+ xn1) (B2 + xn1) B+ xn1 (11)

where y 1 is now defined in terms of the mass of the Roper, Ni is a new
normalization constant, and fs3 is a new range parameter.

The interpretation of the new state as a radial excitation of the nucleon
demands the orthogonality between the nucleon and Roper wave functions.
The orthogonality condition can be expressed as [, L_D]TVI(P, kYN (P, k) =0,
where P = 1(Py + Pg) in the limit where the difference of masses M and
Mp can be neglected. Here, we use ¥y and ¥py1 to represent the nucleon
and the Roper wave functions, respectively.
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In the calculations, we consider that the difference of masses can be
neglected in first approximation, meaning that the photon energy at the
2

Roper rest frame w = M§MR can be approximated by the photon point,
leading to

/ YN1YN =0. (12)
k @=0

We use this equation to determine the parameter (3, obtaining then a
parameter-free representation of the Roper wave function.

Considering the nucleon wave function determined in previous studies,
the Roper wave function determined by the orthogonality condition, and the
established parametrizations of the quark form factors f;4, we can calculate
the v*N — N(1440) transition form factors, using Eq. (9), without any
parameter fitting [48, 52]. Our model calculations, based on Eqs. (11) and
(12), are discussed in Sections 4.1 and 4.2.

It is worth noticing that the model calculations described above are ap-
proximated, due to the assumptions considered for the masses, and because
we took into account only the contributions associated with the valence
quarks. We expect, nevertheless, that the calculations provide a good de-
scription of the data in the large-Q? region.

In the future, we may improve the calculations of the form factors using
the semirelativistic approximation, discussed in Ref. 73| for the nucleon
resonances N (1520) and N(1535). The basic idea of the approximation is
that the spin-flavor structure is more relevant than the numerical effect of
the masses, and that a good estimate of the transition form factors can be
obtained by replacing M and Mp by the average mass of the baryons.

The methodology discussed above to determine the wave function asso-
ciated with the first radial excitation of the nucleon can be extended to the
second radial excitation of the nucleon. In that case, we need to consider
the orthogonality conditions for three pairs of states [52]. Our calculations
of the transition amplitudes associated with the second radial excitation of
the nucleon are discussed in Section 4.1.2

The procedures discussed for the study of the radial excitations of the
nucleon (J = %Jr) can be applied to other N* states. Of interest can be
the first radial excitation of the first nucleon resonance, the A(1232) (isospin
I=3and J' = %+), identified as the A(1600) resonance [53]. The model
calculations associated with the v*N — A(1600) transition amplitudes and
the comparison with the data are presented in Section 5.
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3.8. Light-front holography

In recent years, it was shown that the combination of string theory of
gravity in anti-de-Sitter (AdS) space can provide a description of confor-
mal field theories (CFT) with strong couplings, like QCD in the confining
regime |74-76]. The application to QCD is possible due to the correspon-
dence between the results from AdS/CFT and light-front dynamics based on
a Hamiltonian with a confining mechanism of QCD [74, 77-79]. The frame-
work is also known as AdS/QCD, light-front holography, or holographic
QCD.

Although the formalism is derived from the semiclassical approximation
of QCD, it can be used to describe many properties of the hadronic systems
due to its simplicity. Of particular interest is the application to the struc-
ture of the baryons and to the electromagnetic transitions between baryon
states. We consider here top—down approaches to AdS/QCD, where the con-
nection with light-front can be used to expand the wave functions in terms of
states with a well-defined number of constituents (quarks and gluons) [74].
Under these conditions, some properties of the baryons can be described
taking into account the first terms of the expansion using a small number of
parameters |74, 77, 79].

Light-front holography can be applied to the study of the electromag-
netic structure of the baryons, noting that the three-quark systems can be
regarded as two-body systems with an active quark and a spectator quark
pair. In the calculations, the masses and wave functions are determined by
the light-front wave equations [74]. The contributions to a physical process
can be interpreted and decomposed in terms of Fock states with well-defined
degrees of freedom, from the lowest order to higher orders. The lowest order
corresponds then to the system of three-quarks (gqq), while higher orders
can have contributions associated with 4 constituents, as (¢qq)g, where g is
a gluon, 5 constituents, including a (¢q) excitation, as in (gqq)(qq), and so
on |74].

We consider in particular the formalism from Gutsche et al. [79], ac-
cording to the elastic form factors of the nucleon, and the nucleon to the
Roper transition form factors can be determined in the lowest order by three
independent couplings and an energy scale parameter.

In our work, we use the elastic form factor data of the nucleon (proton
and neutron) to calibrate the model and then to make predictions for the
v*N — N(1440) transition form factors [54]. We consider only data above
Q? = 1.5 GeV?, in order to avoid the contamination from meson cloud
effects. We expect the predictions to be accurate in the large-Q? region,
above Q% = 2 GeV?2.

Holographic calculations of the v*N — N (1440) transition form factors
are presented and discussed in Section 4.2.1.
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4. Experimental results for transition amplitudes
and transition form factors

In this section, we present calculations of the v*N — N(1440) ampli-
tudes and transition form factors based on the valence quark structure of the
nucleon and the Roper, and compare the results with the experimental data.
We consider in particular data from JLab/CLAS, in the range of Q% = 0.3~
4.6 GeV?, associated with one-pion [7] and two-pion production [8-10] for
the amplitudes A; /5 and S} /5. The data for the form factors Fy and F» can
be extracted from the data for the amplitudes A, /5 and S /.

4.1. Helicity amplitudes

Our calculations of the v*N — N(1440) helicity amplitudes based on
the covariant quark model, described in Section 3.1, under the assumption
that the N (1440) is the first radial excitation of the nucleon, are presented
for the mass Mpr = 1.440 GeV (thick solid line) in Fig. 1. No parameters
are adjusted in the calculations, since the wave function of the Roper is
determined by imposing the orthogonality with the nucleon wave function.
The relevant parameters of the model are determined in previous works in
the study of nucleon electromagnetic form factors [33, 48|.

Fig.1. ~*N — N(1440) helicity amplitudes. Calculations from the covariant
spectator quark model [48] for Mp = 1.440 GeV (thick solid line) and Mp =
1.600 GeV (thin solid line), and holographic model [54] (dashed line). The data
are from JLab/CLAS for one-pion production (circles) [7] and two-pion production
(squares) [8-10], and PDG 2024 (empty circle) [1]. For S}, we also include a data
point from MAMI at Q% = 0.1 GeV? (empty square) [30].

From Fig. 1, one can conclude that the covariant spectator quark model
for Mp = 1.440 GeV describes well the region above Q% = 2 GeV?, sup-
porting the interpretation that the Roper is the first radial excitation of
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the nucleon. In that respect, our calculations are in qualitative agree-
ment with the predictions of Aznauryan from 2007 based on the light-front
quark model [46], published before the measurements in 2009 for Q% > 1
GeV? [6, 7].

To study the sensitivity to the resonance mass, we also calculated the
transition amplitudes for the mass Mr = 1.600 GeV (thin solid line). From
the comparison, one can conclude that the estimates are also close to the
large-Q? data. The direct comparison with amplitudes for Mz = 1.600 GeV
must be taken, however, with care, since the value of the mass enhances the
amplitudes below Q% = 1 GeV2, due to the amplification of the factor R
from Eq. (8) for values above the Roper physical mass.

In the figure, we include as well a calculation from a light-front holo-
graphic model (dashed line), also based on the three-quark structure of the
baryons. Holographic calculations will be discussed in more detail later.

The models discussed here assume the dominance of the quark degrees
of freedom. It is not surprising then, to observe some deviations from the
data in the low-Q? region, more specifically below Q% = 1.5 GeV?2.

In the low-Q? region, it is expected that the contributions associated
with quark—antiquark pairs and/or meson cloud excitations of the baryon
bare cores are significant, as discussed commonly in the literature. For a
discussion on this subject, we recommend Refs. [4, 6, 21, 49, 50]. Chiral
effective field theory and baryon—meson coupled-channel models improve, in
general, the description of the low-Q? region [29, 30, 81, 82]. Also, quark
models that take into account the baryon—meson dressing can help the de-
scription of the low-Q? region [50, 83].

Of particular interest are dynamical coupled-channel reaction models,
dynamical models for short, applied to the baryon—meson reactions and to
the analysis of the photo- and electro-production of mesons on nucleons [4,
49|. In these models, the meson cloud dressing of the baryons is taken into
account using the baryon—meson interactions consistently. Of relevance to
the present discussion are the Sato-Lee/EBAC model [84-86] and the ANL-
Osaka model [87-89]. Dynamical models are not formulated in terms of the
quark degrees of freedom, but can be used to provide information about the
structure of the baryon bare cores when the contribution from the meson
cloud dressing is subtracted [4, 21, 49, 84, 85].

A detailed discussion of calculations of the v*N — N(1440) amplitudes
and form factors based on different quark model frameworks, models that
take into account the baryon—meson contributions, and hybrid models can
be found in Section 6.1 from Ref. [4]. The main conclusion from the com-
parison between models and data is that, in general, models where the va-
lence quarks are the dominant component describe well the large-Q? region,
including light-front quark models [46, 47, 90, 91], the Dyson—Schwinger for-
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malism [92, 93], and others. Moreover, models based solely on the baryon—
meson structure are not compatible with the observed falloff of the ampli-
tudes and form factors [21].

4.1.1. Remarks on the parametrizations of the v*N — N (1440) amplitudes

Before discussing the numerical calculations for the v*N — N(1440)
form factors, it is important to discuss parametrizations of the v*N —
N (1440) amplitudes. Parametrizations of the v*N — N(1440) transition
amplitudes are useful for studying scattering of electrons, photons, and
mesons with nucleons and nucleon resonances [4, 49, 51].

As mentioned already, the amplitudes A; /5 and S} /5 are not independent
functions, and are linear combinations of the F; and F5. As a consequence,
there are constraints on the transverse and longitudinal amplitudes that
must be taken into consideration in the parametrizations of the data. These
constraints are often ignored in the literature, but may be relevant in the
low-Q? region [58]. The impact of the low-Q? constraints on the shape of
the amplitudes near Q% = 0 and the uncertainty of the data are discussed
in Section 4.3.

Empirical parametrizations of the data have been derived in different
forms. We mention here four parametrizations of interest: the MAID param-
etrizations [51], the rational functions from Ref. [16], the JLab parametriza-
tions [15, 94|, and the JLab-ST parametrizations from Ref. [58].

The MAID parametrizations are based on the MAID analysis of different
experiments [51, 95, 96]. The expressions for the amplitudes are defined as
a combination of polynomials and exponentials, and are valid for the region
Q? = 0-5 GeV2. The MAID parametrizations for the Roper are accurate
for the amplitudes, but are not so appropriate for the form factors (see
Section 6.1 of Ref. [4]).

The rational parametrizations from Ref. [16] use ratios between polyno-
mials, and are compatible with the expected power law falloffs of amplitudes
at large Q2 (A2, i/ o 1/Q3), and with the low-Q? constraints.

The JLab parametrizations are empirical parametrizations based mainly
on the JLab/CLAS data, also defined in terms of rational functions |15, 94],
and are valid for the range of Q?> = 0.56 GeV2. The JLab-ST param-
etrizations proposed in Ref. [58] modify the JLab parametrizations in the
low-Q? region, in order to take into account the constraints near the pseu-

dothreshold.

4.1.2. Helicity amplitudes of the second radial excitation of the nucleon

The methodology used to calculate the wave function of the first radial
excitation of the nucleon can be extended to the second radial excitation of
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the nucleon, also a N(%Jr) state. The N(%+) states are not all associated
with the radial excitations of the nucleon, and can differ in the structure of
the wave functions |1, 4, 18].

Our estimations of the transition amplitudes associated with the transi-
tion from the nucleon to the second radial of the nucleon are presented in
Ref. [52]. The interpretation that the state might be the N(1710) state has
been discarded based on the analysis of the structure of the different N (%Jr)
states. The second radial excitation is nowadays tentatively identified as the
state N (1880).

The numerical calculations of the transition amplitudes associated with
the second radial excitation of the nucleon (labeled as N*) are presented in
Fig. 2. As for the Roper, the model calculations are expected to be accurate
for large @2, when the contributions from the meson cloud are reduced
significantly.
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Fig.2. Calculations of the v*N — N* helicity amplitudes for the first and sec-
ond radial excitations of the nucleon. The equivalent amplitudes for the nucleon,
N (940), are defined in the main text.

In the figure, we also compare the results with the v*N — N(1440)
amplitudes, and with the equivalent amplitudes for the nucleon. The equiv-
alent amplitudes for the nucleon are defined by A,/ = V2R Gy and Sy 12 =

R/ H'TT G, where Gy and Gg are the proton elastic form factors, and R

is defined by Eq. (8) in terms of the mass of the Roper. The global factor
v/2 was included by convenience.

The nucleon equivalent amplitudes are used to emphasize the numerical
similarity between the amplitudes of the Roper and the state N* identi-
fied tentatively as IN(1880). Notice also how close the expressions for the
transition amplitudes (6) and (7) are with the nucleon elastic form factors,
defined by the combination of the Dirac and Pauli form factors for the nu-
cleon GE = Fl — TF2 and GM = F1 + Fg.
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From the observation of Fig. 2, we can notice the similarity of the ampli-
tudes Ay /5 and Sy 5 for the three cases, above Q? = 4 GeV2. The exception
is the equivalent amplitude S/, for the nucleon. The amplitude appears
to have a zero near Q% ~ 7.0 GeV?, consistently with the measurements
at JLab [97, 98]. One can interpret the approximated convergence for the
amplitudes as a consequence of the correlations between the radial wave
functions of the excited states and the nucleon radial wave function [52].

The corollary of the resemblance of the results for the amplitudes at large
Q? is that we can use the Gy data (known up to Q% ~ 30 GeV?) for the
nucleon to predict the amplitudes A; /5 for the Roper and N (1880) state for
extremely large values of Q2. Future measurements at JLab-12 GeV upgrade
may confirm or deny these predictions.

4.2. Transition form factors

Although experimental studies of the v* N — N* transitions are almost
exclusively performed using helicity amplitudes [see Egs. (6) and (7)], there
are advantages in analyzing the data using the transition form factors. The
data associated with the transition form factors can be obtained by inverting
Egs. (6) and (7).

The covariant spectator quark model calculations for the v* N — N (1440)
transition form factors, for the physical mass (Mg — 1.440 GeV), are pre-
sented (thick solid line) in Fig. 3. The quality of the description of the data
for the Dirac and Pauli form factors became clear for large Q2. As noted
also for the helicity amplitudes, there is a gap between the calculations and
the data below Q? = 1.5 GeV?, which may be interpreted as a consequence
of the lack of meson cloud effects [4, 21, 48, 99].
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Fig.3. The v*N — N(1440) transition form factors. Calculations from the co-
variant spectator quark model [48] for Mg = 1.440 GeV (thick solid line) and
Mp = 1.600 GeV (thin solid line), and the holographic model [54] (dashed line).
The data are from JLab/CLAS for one-pion production (circles) [7] and two-pion
production (squares) [8-10].
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The form factors associated with the mass Mpr = 1.600 GeV (thin solid
line) are presented in Fig. 3. Also for this mass, we obtain a good agreement
with the large-Q? data.

The comparison between models and data is cleaner when we consider
form factors, because form factors are independent functions, and also be-
cause there is no need to include a multiplicative function R, sensitive to
the value of My and to the low-Q? region.

Explicit calculations of the meson cloud contributions for the v*N —
N (1440) transition amplitudes have been performed by the ANL-Osaka
group using a dynamical couple-channel model [87-89]. The ANL-Osaka es-
timates® of the meson cloud contributions for the form factors (short-dashed
line) are also included in Fig. 3.

Notice in Fig. 3 that the meson cloud contributions to the F} form factor
at low Q2 are significant and negative. When combined with the contribu-
tions from valence quarks, for Mr = 1.440 GeV, we can then expect a reduc-
tion of the form factor below @Q? = 1 GeV?, consistent with the measured
data. The ANL-Osaka estimate for Fj is close to the inferred estimate of
the meson cloud contributions used in works based on the Dyson—-Schwinger
formalism |21, 93]. As for the form factor Fy, there are some discrepancies
between the combined effects of valence quarks and meson cloud. Alter-
native estimates of the inferred meson cloud contributions can be found in
light-front quark models |9, 90] and in some of our previous works [48, 99].

Concerning the calculations based on the valence quark structure, we
call the attention to model calculations that take into account the depen-
dence of the quark mass on the momentum of the quarks, a consequence of
the dynamical chiral symmetry breaking [21|. This mechanism takes into
account the gluon dressing of quarks and interaction vertexes that lead to
the dynamical generation of the mass of the quarks [5, 21, 92]. Examples of
these calculations are the light-front quark model from Ref. [90] and Dyson-
Schwinger calculations [92, 93].

The covariant spectator quark model can also be applied to the calcu-
lation of the transition form factors in lattice QCD, characterized by un-
physical values for the pion mass. In the calculations, we use the baryon
masses (M and Mp) and the vector meson masses, determined in the lattice
QCD simulations, to define the quark current and radial wave functions.
Our calculations agree well with the available lattice QCD simulations for
the v*N — N(1440) transition from Ref. [100] (m, ~ 700 MeV), below
Q? = 2 GeV2. These results support the assumption of the dominance of
the valence quark contributions for simulations with large pion masses, when
meson cloud effects are reduced significantly.

! Transition form factor calculations based on dynamical coupled-channel models are
complex functions. For simplicity, we include only the real part.
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From the discussion of the model calculations of the v*N — N(1440)
transition amplitudes and form factors, we conclude that the more successful
descriptions of the data combine valence quark effects (dominant at large
Q?) and effective descriptions of the baryon-meson states (meson cloud),
fundamental at low Q2 [4, 21].

4.2.1. Holographic calculations of v*N — IN(1440) transition form factors

In Fig. 3, we also include the calculations of the holographic QCD model
(long-dashed line) presented in Fig. 1. From the observation of the two
figures, one can conclude that the holographic model also provides a good
qualitative description of the large-Q? data.

We focus now on the holographic calculations of the transition form fac-
tors. In the first studies of the v* N — N (1440) transition within AdS/QCD,
Teramond and Brodsky [77, 78] derived a parameter-free expression for the
Dirac form factor F} in terms of the physical masses of the p meson and
their first excitations (parameter free calculation). The calculation assumes
the dominance of the quark degrees of freedom and that N (1440) is the first
radial excitation of the nucleon.

The result of Teramond and Brodsky (dash-dotted line) is presented
in Fig. 4, in comparison with the form factor data. This work motivated
the use of holographic models to calculate the v*N — N(1440) transition
form factors, taking into account additional contributions to the (gqq) struc-
ture [79, 101]. In these calculations, the gluon and ¢g excitations are also
taken into account, but the effective weight of the higher Fock states was,
in general, adjusted to some experimental data (transition amplitudes and
hadron masses).

015 .
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Fig.4. Holographic calculations of the v*N — N(
order (nucleon and Roper described as (gqq) states). Calculations from Teramond
and Brodsky (dash-dotted line) [77] and from Ref. [54] (variation band). The solid
line corresponds to the holographic parametrization from Ref. [55]. The data are
described in Fig. 3.

1440) form factors, in leading
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In Fig. 4, we also include our calculation of the transition form fac-
tors [54] based on the formalism from Ref. [79], where the free parameters
were adjusted by the proton and neutron elastic form factor data, above
Q? = 1.5 GeV2, to avoid the contamination of the ¢g and (qq)(qq) states.
Our calculations are represented by a band of variation that takes into ac-
count the uncertainty of the parameters in the fit to the nucleon data. In the
same figure, we also include a simplified parametrization of the transition
form factors in terms of physical masses of hadrons, proposed in Ref. [55].

From the comparison of the calculations based on the three-quark struc-
ture for the nucleon and Roper, we can conclude that different descriptions
provide similar results in the large-Q? region. The calculation of Teramond
and Brodsky overestimates the data for Fp, but the remaining estimates are
compatible with the data above Q% = 2 GeV?, the region where we expect
the dominance of valence quark effects.

From the observation of Figs. 1 and 3, where the central value of our
holographic model [54] is included (dashed line), we can conclude that the
covariant spectator quark model and the holographic model provide very
similar results for large Q2 (above Q% = 2 GeV?). Our conclusion is then that
the physics associated with the quark degrees of freedom is well represented
in both formalisms.

A more detailed discussion of the light-front holographic calculations of
the N(1440) transition form factors, including higher Fock states, can be
found in Section 6.1 of Ref. [4].

Our main conclusion about holographic QCD is that the formalism can
be a very useful tool to calculate the contributions from the bare core (first
approximation), but that corrections to the leading order should be taken
with care. The limitations of the formalism are a consequence of the semi-
classical approximation from AdS/QCD, and on the approximated descrip-
tion of the ¢ structure of the meson cloud contributions [4, 102].

4.3. Transition amplitudes at low Q>

We discuss now the 7*N — N(1440) amplitudes in the low-Q? region.

There are two main aspects to discuss: the quality of the data, and the
impact of the analytic constraints near the pseudothreshold in the shape of
the amplitudes near Q2 = 0. Recall that the amplitudes A; /2 and Sy /9 are
linear combinations of the independent functions F; and Fb.

At the moment, the v*N — N(1440) helicity amplitudes are not well
known experimentally in the low-Q? region. Except for the MAMI measure-
ment, there are no data between the photon point and Q% = 0.3 GeV?2.

Contrary to other well-established resonances, such as the A(1232),
N(1520), and N(1535) [40, 41, 103-105], for which there are strong cor-
relations between the transverse amplitudes and the longitudinal amplitude
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S1/2, in the case of the N(1440) resonance, there is no direct correlation
between the amplitudes near the pseudothreshold. The main constraints on
the amplitudes are their analytical form [58]

A1/2 < |ql, 51/2 X |(I|27 (13)

when |g| — 0, where |q| is the modulus of the photon three-momentum at
the resonance rest frame.

The condition |g| = 0 is equivalent to Q% = —(Mp — M)?, a point below
the photon point, in the timelike region. Although the pseudothreshold
Q? = —(Mp — M)? ~ —0.25 GeV? is well below Q? = 0, the conditions (13)
may still have an impact on the shape of the amplitudes A;/, and S;/; near
Q% =0.

The effect of the relations (13) can be observed in Fig. 5, where differ-
ent analytic extensions of the JLab parametrizations below @2 = 0.5 GeV?
are considered. We labeled these parametrizations as JLab-ST, since they
correspond to modifications of the JLab parametrizations, successful in the
description of the large-Q? data, in the low-Q? region, where Siegert’s the-
orem must be fulfilled [56, 57]. We consider different analytical extensions
starting at the point Q%, labeled by the value of Q%, down to Q% = 0 and to
the pseudothreshold. Above Q%,, the parametrizations are identical to the
JLab parametrizations. Below Q%,, the parametrizations represent smooth
analytical continuations compatible with the conditions (13). For a clear
visualization, we consider Q% =0.1, 0.3, and 0.5 GeV?.

1007 o———F——————F—— 7
b l AR Q,'=05GeV’
_ [ T ———Q, =03GeV’
£ 50p s [ —— Q =01GeV
> L > 40+
© L o |
] 3 ]
I | o
= [ o |
_g [ N 76 . T20F
< -50¢ ——-q=03Gv* | 2
[ —— Q,=0.1GeV’ | /
_ L.~ S T NS
100 0 05 L5 0 0 05 L5
Q [GeVT] Q [GeV]

Fig. 5. Parametrizations of the v*N — N (1440) amplitudes [58]. The solid line rep-
resents the original JLab parametrization [15, 94]. The data are from JLab/CLAS
(circles) [7-9] (one- and two-pion production), and MAMI (empty square) for
S1/2 (Q% = 0.1 GeV?) [80]. The vertical dotted line represents the photon point
(@ =0).
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In Fig. 5, we also present the amplitudes for negative values of Q2 down to
the pseudothreshold, in the timelike region, where we expect the amplitudes
to vanish. Notice in the figure the change in the shape of the amplitudes near
Q? = 0, according to the value Ql%. Only the parametrizations Q% = 0.1 and
0.3 GeV? are compatible with the data for A s2- The significant variation
of the parametrizations with small variations in the value of Ql% shows how
sensitive the parametrizations can change with variations of the data, and
how important it is to make measurements of the transition amplitudes
below Q% = 0.3 GeV?2.

Future measurements may help to understand if the data from MAMI
(Q? = 0.1 GeV?) is compatible with the JLab/CLAS data and with the pseu-
dothreshold constraints. Those measurements may also reduce the interval
of variation of the amplitude 5} /5 near Q?=0.

The kinematic region between the pseudothreshold and the photon point,
—(Ml,%2 — M)? < Q% < 0, cannot be probed by spacelike photons, using
electron—nucleon scattering. However, under study at HADES and PANDA,
there is the possibility of measuring transition amplitudes and transition
form factors in the timelike region for the first N* resonances |39, 66, 67,
72, 106, 107]. Some progress has been done for the A(1232) [4, 106]. The
A(1232) — ete™ N decay width has been measured and included in PDG [1].

5. Transition amplitudes of the first radial excitation
of the A(1232)

The A(1232) equivalent to the Roper state, interpreted as the first ra-
dial excitation, can be identified as the A(1600). As most of the nucleon
resonances of the third resonance region (Mp > 1.55 GeV), the properties
of the v*N — A(1600) transition are almost unknown, except for the pho-
tocouplings.

This picture changed recently with the measurements of the v*N —
A(1600) amplitudes in the range of Q% = 2.0-4.5 GeV? at JLab/CLAS [10].
Before these measurements, the signs of the amplitudes A; /; and Az, were
unknown.

Calculations of the valence quark contributions to the v*N — A(1600)
transition amplitudes and electromagnetic form factors (Gg and Gyp) were
performed in 2010 [53] using the methodology from the v*N — N(1440)
transition. We assumed that the A(1600) state is the first radial excitation
of the A(1232), and that the wave functions were dominated by the valence
quarks [34, 53]. We then use the orthogonality to determine the radial wave
function of the A(1600), since the spin—isospin structure is the same for
both resonances [53]. From the dominance of the S-state quark-diquark
contributions, we concluded that Gg = 0, and that the amplitudes are
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determined by
A1p (QF) =—RGu (@), 432(Q%) =-V3RGN (Q) . (14)

where R = 0‘?/%’8 (%%;AEEJ)FQQZ [here, Mg is the mass of the A(1600)].

The previous expressions can be used to calculate the transverse ampli-
tudes, using the model calculations for Gy and the sign of Gy determined
by the experimental data. In Ref. [53]|, we also estimate the magnitude of
the meson cloud contributions, taking into account baryon—meson states as-
sociated with the channels 7N, wN(1440), 7A(1232), and 7A(1600). We
concluded that the meson cloud contributions to the magnetic form factor
were in the range |GMC(0)| = 0.0-1.3.

The original estimate for the transverse amplitudes, corrected by the
sign of the data, is presented in Fig. 6 with the solid line. It is clear that
our calculations overestimate the novel data in absolute value. The first
estimate can be improved when we combine the original estimate of the
valence quark contribution with the intermediate value for the meson cloud
(GMC(0) ~ —0.65). With the new estimate, the combination of valence and
meson cloud contributions is obtained when we consider the normalization
Z =~ 0.5 for the sum of both contributions [108]. The combined result is
represented in Fig. 6 by the dashed line. From the figure, we can conclude
that the new data is well described assuming that A(1600) is the radial
description of the data, when the meson cloud contributes about 50% for
the amplitudes near Q% = 0.
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Fig.6. Calculations of the v*N — A(1600) transition amplitudes. The data are
from JLab/CLAS [10].

From the analysis of the data, we can also conclude that the v*N —
A(1600) transition is dominated by the magnetic form factor [53, 108|. The
JLab/CLAS data [10] for the v*N — A(1600) transition is compatible with
Gy = 0, within the experimental uncertainties [108].
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6. Discussion about the nature of the Roper

In the previous sections, we discussed the properties of the Roper and of
the v*N — N(1440) transition, under the assumption that valence quarks
are the relevant degrees of freedom, and that the state can be interpreted as
the first radial excitation of the nucleon. Under these two assumptions, it
was possible to use the covariant spectator quark model to make predictions
for the transition amplitudes and transition form factors for the large-Q? re-
gion, based exclusively on the parameters determined by the study of the nu-
cleon. Similar results can be obtained in the same region using a holographic
QCD model in leading order (three-quark structure). Both calculations are
in good agreement with the large-Q? data.

As discussed extensively in the literature, the consideration of the quark
degrees of freedom exclusively is insufficient to describe the observed prop-
erties of the Roper. Calculations based on valence quarks are unable to
explain why the physical mass (Mp ~ 1.4 GeV) is much smaller than the
mass estimated by models (Mgr = 1.7-1.9 GeV) [17-19, 21|, and why the
decay width (I'gr >~ 350 MeV) is much larger than the other resonances from
the first and second resonance regions (typically I'r ~ 150 MeV) [15, 21].

These discrepancies can be understood when we consider that the Roper
is a hybrid system: a combination of a three-quark state with some compo-
nents from baryon—meson states [49, 84, 85, 87-89]. Models based on the
baryon—meson states describe well the static properties (mass, decay width,
and branching ratios) and the transition amplitudes in the low-Q? region.
Calculations based on chiral effective baryon—meson models |11, 81, 82, 109]
and baryon—meson coupled-channel reaction models [26-28, 31|, suggest, in
contrast, that the Roper can be described as a dynamically generated res-
onance without any explicit reference to its quark content. The different
frameworks predict different weights for the contributions associated with
the pure valence quark states and to the contributions from the baryon—
meson states associated with the meson cloud effects. It is worth noticing,
however, that a pure molecular-type description of the Roper would lead to
much softer transition form factors at large Q? than observed experimen-
tally [4, 21].

The understanding of the nature of the Roper requires then a combina-
tion of the two mechanisms described above: baryon—-meson states in the
low-Q? region, and valence quark contributions in the large-Q? region.

The consideration of these two mechanisms can be made using baryon—
meson coupled-channel reaction models, combined with an interpretation of
the baryon structure based on its underlying quark structure. An example
of a formalism with these properties is the ANL-Osaka model. The model
predicts that the N (1440) state can be generated from a bare resonance with
a mass Mp ~ 1.7 GeV, when the dressing of the baryon bare cores by the
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meson cloud is taken into account [85, 87, 88]. Another consequence of the
meson cloud dressing is a reduction of the mass of the resonance by about
20% [21]. These results show how we can reconcile a large mass when we
consider the effects of valence quarks, with a lower mass when we take into
account meson cloud effects at the hadronic level.

The analysis based on baryon—meson coupled-channel reaction models
identifies the nucleon resonances as poles in the complex plane. In some
cases, the bare state (determined in the limit when the meson cloud is re-
moved) generates more than one pole when the meson cloud dressing is
taken into account. In the case of the Roper, there are analyses that suggest
that the Roper is a combination of two poles, while other analyzes predict
only one pole [21, 85]. For more detailed discussions, the readers can con-
sult Refs. |27, 110-113|. In the two-poles case, the measurements of the
v*N — N(1440) amplitudes from Section 4 should be compared with the
estimates of the combinations of the two states.

The hybrid structure of the Roper has also been revealed in studies of
lattice QCD in finite volumes. Evidence of a state associated with the first
radial excitation of the nucleon has been found in lattice QCD simulations
for large pion masses [114]. The determination of the N* spectrum and
the mass associated with the first radial excitation of the nucleon in lattice
QCD simulations has, however, been a complicated task. The order of the
second N (%+) state and the first N(37) state in lattice QCD simulations
is sensitive to the method used (quenched, unquenched, etc.), to the pion
mass, and to the lattice volume |21, 115-120].

The interpretation of the mass spectra in lattice QCD must be done
with care, since the energy levels can include three-quark states repre-
sented by local (gqq) interpolating fields, but also mixtures with (gqq)(qq)
and (¢qq)(qq)(qq) non-local interpolating fields, that can be interpreted as
baryon-meson rescattering channels [117, 119-121]. The connection between
the energy levels in finite volume lattices and the infinite volume energy
levels can be made using the Liischer method combined with Hamiltonian
effective field theory [119, 121, 122], expressed in terms of bare baryons and
baryon—meson channels in a finite lattice. The interpretation of the contri-
butions for the lattice energy levels is obtained when free parameters of the
model are calibrated by the N experimental phase shift data [123, 124],
and the results of the baryon—meson phase shifts obtained in lattice QCD
simulations with finite volumes.

In this picture, the Roper appears as a state dominated by a strong
rescattering between coupled meson—baryon channels, with predominance to
the o N channel, combined with a small contribution of a bare three-quark
state associated with the first radial excitation of the bare nucleon, with
a mass of about 2 GeV [119, 120]. The strong baryon—meson rescattering
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helps to describe the N experimental phase shifts and the 7N lattice QCD
phase shifts, while the falloffs of the transition amplitudes at large Q2 can be
interpreted as a consequence of the small mixture with a bare three-quark
state with a large mass [119]. Our calculations are also compatible with the
Roper resonance with a larger effective mass.

From the analysis based on the dynamical baryon-meson coupled-channel
reaction models combined with the quark structure of bare cores (ANL-—
Osaka model), and the analysis of the lattice QCD based on the baryon—
meson phase shifts in finite volume, one has to conclude that the controversy
on the structure of the Roper is not yet fully decided.

Future experiments on higher mass IV (%Jr) resonances may help to iden-
tify the structure of the other radial excitations of the nucleon. Meanwhile,
the extension of lattice QCD studies to larger volumes and to a basis with
more baryon—meson states may help to reconcile model calculations based
on constituent quarks with the structure revealed in finite lattice simula-
tions. Combined studies based on quark degrees of freedom, dynamical
baryon—meson coupled-channel reaction models, and lattice QCD studies
with an increasing number of bare quark states and baryon—meson channels
may help to quantify the weight of the valence quark and the baryon—meson
components in the different physical processes, in the low-Q? and large-Q?
regions.

7. Outlook and conclusions

The Roper resonance, discovered by David Roper more than 60 years ago,
is a special case among the N* resonances. Recent measurements of the nu-
cleon to Roper transition amplitudes at relatively large Q? reveal a structure
associated with a core of three quarks, while the mass, decay width, and
branching ratios suggest a significant role of the baryon—meson states re-
lated to the meson cloud dressing of the baryon cores, and a molecular-type
nature.

The dominant interpretation of the Roper is that the state is mainly a
bound state of three dressed quarks corresponding to the first radial excita-
tion of the nucleon, but that the meson cloud dressing associated with the
7N, mA and 0N channels also contributes to the physical properties of the
resonance. The meson cloud structure contributes to the large decay width
and to the reduction of the physical mass compared with the mass estimated
by quark models. This picture is consistent with calculations of transition
amplitudes and form factors with frameworks based on quark degrees of
freedom, including Dyson—Schwinger equations, and with calculations based
on effective field theory and baryon—meson coupled-channel reaction mod-
els. At the moment, however, there are still some discrepancies with lattice
QCD calculations based on the analysis of the phase shifts on the dominant
decay channels.
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Future measurements of the v*N — N(1440) transition amplitudes
above Q? = 5 GeV? may help to conclude if the falloffs observed for the
amplitudes are in fact associated with the radial excitation of the nucleon,
or just a shadow of the three-quark core of the nucleon hidden on a cloud
of mesons. Furthermore, measurements of the v*N — N* transition ampli-
tudes, where N* is a nucleon resonance associated with the second radial
excitation of the nucleon [tentatively the resonance N (1880)], for large Q2,
may also help to understand if the radial structure of nucleon resonances

N (%Jr) may be confirmed experimentally. Calculations based on quark de-
grees of freedom and holographic QCD models for the first and second radial
excitations of the nucleon, above Q% = 4 GeV?, will be very useful for the
interpretation of the structure associated with those states.

Experiments in the low-Q? region, in the range of Q% = 0.05-0.25 GeV?,
will be fundamental for the effective determination of the shape of the A,
and S}/, amplitudes, and to reconcile the measurements from JLab/CLAS
with the measurements from MAMI. One can then confirm if the theoretical
constraints at the pseudothreshold have a visible impact on the amplitudes
near the photon point.
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