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Global Data-Driven Determination of Baryon Transition Form Factors

Yu-Fei Wang %" Michael D(’)ring,3 47 Jackson Hergenrather,3 Maxim Mai,”* Terry Mart,**
Ulf-G. MeiBner ,5’1’7’” Deborah Rtinchen,l"H and Ronald Workman®

(Jiilich-Bonn-Washington Collaboration)

Institute for Advanced Simulation (IAS-4), Forschungszentrum Jiilich, 52425 Jiilich, Germany
2School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 101408, China
*Institute for Nuclear Studies and Department of Physics, The George Washington University, Washington, DC 20052, USA
*Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA
>Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics,
Universitit Bonn, 53115 Bonn, Germany
6Departemen Fisika, FMIPA, Universitas Indonesia, Depok 16424, Indonesia
"Thilisi State University, 0186 Tbilisi, Georgia

® (Received 3 May 2024; revised 16 July 2024; accepted 6 August 2024; published 4 September 2024)

Hadronic resonances emerge from strong interactions encoding the dynamics of quarks and gluons. The
structure of these resonances can be probed by virtual photons parametrized in transition form factors. In
this study, twelve N* and A transition form factors at the pole are extracted from data with the center-of-
mass energy from zN threshold to 1.8 GeV, and the photon virtuality 0 < Q?/GeV? < 8. For the first time,
these results are determined from a simultaneous analysis of more than one state, i.e., ~103 zN, yN, and
KA electroproduction data. In addition, about 5 x 10* data in the hadronic sector as well as photo-
production serve as boundary conditions. For the A(1232) and N(1440) states our results are in qualitative
agreement with previous studies, while the transition form factors at the poles of some higher excited states
are estimated for the first time. Realistic uncertainties are determined by further exploring the parameter

space.
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Introduction—The spectrum and structure of hadronic
resonances encode the dynamics of quantum chromody-
namics (QCD) at intermediate energies where confinement
and chiral symmetry breaking lead to the properties of
matter as we know it. See Ref. [1] for a recent review.
Especially the excited states of the nucleon (N*) and A
resonances, have been studied for decades. On the exper-
imental side, electromagnetic interactions are clean probes
of the structure of hadrons, motivating the study of
resonances through meson photoproduction reactions
[2,3]. Electroproduction processes [4—8] provide additional
information with an extra degree of freedom, the photon
virtuality Q?, serving as an energy scale to probe hadron
structure, particularly through the electromagnetic transi-
tion form factors (TFFs) between excited and ground state
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baryons [9,10] facilitated by experimental progress [11-14].
The structure encoded in TFFs allows conclusions on the
nature of resonances like the N(1440) [15]; they also
determine quark transverse charge densities [16—18], and
even provide critical information for the exploration of
possible hybrid baryons with the gluon as a constituent [19].

On the theory side, quark models and Dyson-Schwinger
approaches [15,20-30] assume the relevant N* and A states
are three-quark cores plus possible configurations at the
hadron level. In the small-Q? region, the virtual photon
mainly interacts with the peripheral components like the
meson cloud [31], while when Q? is larger the properties of
the three-quark core shine through. However, there is no
unique separation of these regimes. Calculations of electro-
magnetic form factors in lattice QCD are advancing, as well
[32-38]. Chiral Perturbation Theory approaches and exten-
sions thereof also allow for the calculation of multipoles
and resonance TFFs [39-45], they are, however, restricted
to individual resonances and reaction channels in a limited
energy region. For a recent extraction of A and N(1440)
pole parameters based on Roy-Steiner equations, see [46].

Transition form factors should be independent of the
reaction through which they are determined, calling for the

© 2024 American Physical Society
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simultaneous analysis of multiple final states, as carried out
for the first time in this research effort. This is achieved by
employing the Jiilich-Bonn-Washington (JBW) approach, a
dynamical coupled-channel model for the study of pion-,
photon- and electron-induced reactions. Simultaneously
analyzing different final states also facilitates the difficult
access to the TFFs of less prominent baryon resonances.
For example, we compare here to the TFFs of the A(1600)
determined recently by analyzing the zzN final state [47]
complementing theory predictions [48].

Indeed, truly reaction-independent TFFs can only be
defined at resonance poles. In the current study, this is
achieved by straightforward analytic continuation of multi-
poles to complex energies, similar to what was achieved in
another dynamical coupled-channel approach for some
resonances, the ANL-Osaka model [49-51]. TFFs in
unitary isobar models [52-56] are usually reported in
terms of Breit-Wigner parameters [55], but secondary
parametrizations and fits can be used to access TFFs at
the pole, as well [57,58].

Electroproduction data are incomplete, resulting in
ambiguities [59,60] in extracted multipoles that bear the
TFFs. Indeed, polarization measurements in electroproduc-
tion are sparse [61,62]. A strategy to represent the sparsity
and incompleteness of data is to explore the parameter
space and pin down multiple local minima in the y°
optimization. As these uncertainties dominate all others,
the multipoles and TFFs extracted in the current research
effort exhibit larger errors than in other studies [12,54] even
though more data and reactions are analyzed.

Methodology—We calculate the TFFs of twelve selected
N* and A states at the poles, based on the latest coupled-
channel analyses [63] of zN, nN, and KA electroproduc-
tion off the proton within the Jiilich-Bonn-Washington
(JBW) framework [63—65]. The input at the photon point
and for the hadronic final-state interaction is provided by
the Jiilich-Bonn dynamical coupled-channel model. This
unitary framework is based on the meson exchange picture
and has been developed over the last decades, see
Refs. [66—68] and references therein. A potential, which
is derived from a chiral Lagrangian, is iterated in a
Lippmann-Schwinger-like equation to obtain the scattering
amplitude. The analytic properties of the approach, a
prerequisite for determining resonances as poles on the
unphysical Riemann sheet, have been discussed in
Ref. [69], see also Ref. [70]. In contrast to the purely
hadronic interactions, the interaction of a (real or virtual)
photon with the meson-baryon states is parametrized by
energy-dependent polynomials [71] and the Q* dependence
is introduced in a separable form that fulfills Siegert’s
condition [64] which is a consequence of gauge invariance.
For a very brief summary of the formalism, see the
Supplemental Material [72].

The parameters of the resonance poles that are discussed in
this work were determined in the “JiiBo2017” analysis [76], a

simultaneous analysis of the channels zN — zN, nN, KA,
KZ, and yp — N, N, KA. The corresponding electro-
production amplitudes were obtained in Ref. [63], the
first-ever coupled-channel analysis of pion-, eta-, and KA
electroproduction off the proton, for W e [1.13, 1.8] GeV
and Q% €0, 8] GeV=.

To define the TFFs, we may focus on the reactions
y*N — 2N and #N — zN because TFFs at resonance poles
are reaction independent. Elastic pion-nucleon scattering is
parametrized with the dimensionless partial waves 7/*
indicating orbital angular momentum / and total spin J =
[ £ Y% [66]. Pion electroproduction is parametrized via
multipoles with definite y*N helicity # = 1,3, isospin I,
orbital angular momentum /, and total angular momentum J,
denoted as Aﬁ,i‘l ,and S liél , the so-called helicity amplitudes.

Note that the latter corresponds to the longitudinal polari-
zation part, which does not contribute to any observables
with Q% = 0.

The Laurent expansion at the resonance pole z =z,
reads

e pl+.1
H R™=
'Hilisl = ... L —
z-2,

NERREN (1)

where H denotes either A or S, and H, R denote residues.
Finally, following Ref. [57], the transition form factors
H™ (ie., Ay, Ay, Sy,), which depict the Q2 dependence of
the residues of the helicity amplitudes, are reaction inde-
pendently defined as

ooy 2720 + 1)z, -
Hﬁzi’l(QZ):Cl\/wév my R pHZiJ(QZ)» (2)

with @, the energy of the photon at Q% =0, my the
nucleon mass, and the isospin factor [52] Cy/, = —v/3 and

Cs/, = /2/3. In the remaining text, the superscripts /4, /
are suppressed, since they are known for each resonance.

Results—Coming to the results, twenty-six states are
found in Ref. [76], but in this work only the twelve with
pole mass Re(z,) < 1.8 GeV and orbital angular momen-
tum / < 3 are chosen, corresponding to the energy range
and the truncation of the angular momentum in Ref. [63],
namely N(1535), N(1650), N(1440), N(1710), N(1720),
N(1520), N(1675), N(1680), A(1620), A(1232),
A(1600), A(1700). The TFFs for all these states are shown
in Figs. 1 and 2 and will be available in numerical form
[77]. The amplified figures for A(1232) and N(1440) can
be found in the Supplemental Material [72].

There are four fits in Ref. [63] with similar y> which
roughly give the scale of uncertainties associated with the
extraction; as mentioned before, these uncertainties are
larger than those of other studies owing to an extensive
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FIG. 1. A transition form factors of this work (colored bands).
The orange (purple) band with solid (dashed) lines exhibits the
real (imaginary) part. The bands represent the uncertainties of the
extraction, see text for further explanation. All available literature
results from MAID [58] and ANL-Osaka solutions are depicted
by empty symbols [51]. Note that there are no literature results
(defined at the pole) for the states other than A(1232).

exploration of the parameter space. There is a more detailed
discussion in the Supplemental Material [72].

As for A(1232), see Fig. 1, the four fits of Ref. [63] do
not deviate much from one another, reflected by a rather
narrow band of the transition form factors. Putting this into
perspective with the available literature values, we show in
the same figure the preliminary results of the ANL-Osaka
model from an updated version [78] of Ref. [51], as well as
results of the MAID model [58]. The real parts are in good
agreement with our global estimations within the uncer-
tainties due to different solutions. Some discrepancies can
be seen in the curves of ImA3), in the small-Q? region,
which are due to the difference at the photon-point
(0% = 0 GeV?). Our result is actually closer to an older
version of ANL-Osaka model in Ref. [49], as plotted in
Fig. 7 of Ref. [51].

As for the TFFs of the low-lying resonances determined
in Ref. [47], including the A(1600), our results are not in
disagreement, given their slightly different definitions
from Breit-Wigner resonances, although the uncertainties
found here are larger. We note in passing that the Breit-
Wigner parametrization can only be employed safely for a
few resonances, as the basis assumption of a slowly
varying background is rarely fulfilled due to many open
channels.
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FIG.2. N* transition form factors of this work (colored bands).
See the caption of Fig. 1 for the explanations of the symbols. Note
that there are no literature results (defined at the pole) for the
states other than N(1440).

As for N(1440), see Figs. 2 and 3, in all four fits we
consistently obtain a zero crossing in ReA;/,, which is
also found in Refs. [15,22,24,26-29,49,51]. The zero
occurs at Q% = (0.1 +0.04) GeV?2, which is smaller than
in Breit-Wigner determinations, and also smaller than
in the ANL-Osaka pole determination [51] (zero at
0% = 0.2 GeV?). Such a zero transition indicates that
the core of N(1440) can be explained as a radial

101901-3



PHYSICAL REVIEW LETTERS 133, 101901 (2024)

100} 1

50

o Re ANL/Osaka
A Im ANL/Osaka 1

MReA;»/(107°GeV™""?)
mImA,,/(107°GeV™""?)

0.0 02 0.4 0.6 038 10
0%/GeV?

FIG. 3. N(1440) transition form factors at small Q? of this
work (colored bands) in comparison with the ANL-Osaka
solution. The error bars at Q> = 0 GeV? depict the uncertainties
of the photoproduction solution at the pole from Ref. [76]. See the
caption of Fig. 1 for the explanations of the other symbols.

excitation of the nucleon [10]. However, the structure of
the N(1440) is a complicated problem: the contributions
from the meson clouds or two-hadron systems seem
not to be negligible [22,26,79,80]; in some models
including the present one, the three-quark core is even
less important than the other components [81,82].
Especially, the N(1440) is always dynamically generated
in the Jiilich-Bonn model from the #- and u- channel
hadron-exchange potentials, without the need for a genuine
s-channel state [83]. This is verified by Ref. [81]. Note that
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FIG. 4. Transverse charge density (unpolarized pgNi polarized

along x axis p?N ")of the p — N(1440) transition as a function of
the transverse position b in the xy plane. The orange band (thick
red line) depicts the uncertainty band of our determination (the
result using the MAID 2007 helicity couplings [54]). The inset
shows corresponding coordinate decompositions with light or
dark shades representing negative or positive values.

Refs. [84,85] have pointed out the S}, of a hybrid N (1440)
state should be zero. We do not see strong indications of a
vanishing §;,: the ReS;/, in fit 1 is smaller but still
nonzero.

The four Roper helicity amplitudes determined in this
study allow one to determine the transverse charge density
p of the resonance transitions [10,17,86] that provide
additional insights into the resonance structure. Results
are shown in Fig. 4. We use the complex Roper pole
position and complex helicity amplitudes for the calcu-
lation of the Dirac and Pauli form factors [10]. We then
only show the real part of p in the figure to have a point of
comparison with other determinations. .

The radially symmetric unpolarized case, pgN , 1s shown
in the main plot and left inset. As in Ref. [17] we observe a
positively charge center surrounded by a weakly negatively
charged region. In fact, the MAID 2007 solution (red line)
induces a charge distribution well within the uncertainties
of our solutions (orange band), despite the different zero
transitions of Re A;/, in MAID 2007 [54] and the present
solution. .

The right inset shows the case pIT’N of a transversely
polarized p and N* along the x axis for one of the four
solutions that lies towards the center of the uncertainty
band. In this case, radial symmetry is no longer given and
an electric dipole moment is induced.

Conclusion—To summarize, this Letter reports the
baryon transition form factors for N* and A states
defined at the resonance poles. For the first time, this
is achieved by analyzing more than one final state at the
same time, for altogether ~10° data. Additional con-
straints are provided by a large amount of pion- and
(real) photon-induced single-meson data. Special empha-
sis is paid to a more extensive exploration of the
parameter space of the analysis framework, resulting
in realistic uncertainties for the TFFs reflecting the data
situation and inherent ambiguities.

Twelve selected states are studied based on the multi-
poles determined in Ref. [63]. For the A(1232) and
N(1440) states, this work gives compatible results with
other studies. For many other states, the present determi-
nation is the first of its kind at resonance poles, providing
truly reaction-independent TFFs; qualitative comparisons
with Breit-Wigner determinations of other studies show no
obvious disagreement.

Future data from JLab and other facilities will allow to
extend the present analysis to higher photon virtualities
mapping the transition region to perturbative QCD. Such
data would also allow for the exploration of higher-lying
resonances that could be of hybrid nature manifested in an
unusual Q? dependence of their transition form factors
[19]. In turn, this study also can provide a guidance for
future experiments, pinpointing the kinematic regions
which are most relevant and least determined to reduce
the error bars on the TFFs.
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