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Abstract

Developing an understanding of phenomena driven by the emergence of hadron mass
(EHM) is one of the most challenging problems in the Standard Model. This discussion
focuses on the impact of results on nucleon resonance (N*) electroexcitation amplitudes
(or vypN* electrocouplings) obtained from experiments during the 6 GeV era in Hall B
at Jefferson Lab on understanding EHM. Analyzed using continuum Schwinger function
methods (CSMs), these results have revealed new pathways for the elucidation of EHM. A
good description of the A(1232)3/2%, N(1440)1/27, and A(1600)3/2" electrocouplings,
achieved by CSM analyses that express a realistic dressed quark mass function, sheds
light on the strong interaction dynamics underlying EHM. Extensions to N* studies for
higher-mass states are outlined, as well as experimental results anticipated in the 12 GeV
era at Jefferson Lab and those that would be enabled by a further increase in the beam
energy to 22 GeV.

Keywords: nucleon resonances; exclusive meson electroproduction; hadron structure;
electromagnetic probes; emergence of hadron mass; continuum Schwinger function
methods; quantum chromodynamics

1. Introduction

Understanding the emergence of the dominant component (>98%) of visible mass
in the Universe remains one of the most profound and unresolved challenges within the
Standard Model (SM) [1,2] that describes the known fundamental interactions in Nature
with the exception of gravity. Unlike the electroweak sector, where perturbative methods
are sufficient to describe the current status of experimental investigations, the strong
interaction undergoes a transition from the perturbative to strongly coupled regimes as
probe energy scales are reduced. In this process, it generates effective degrees of freedom,
commonly referred to as dressed gluons and quark—gluons and quark quasiparticles, which
seem well suited to describing hadron structure. Like their partonic seeds [3], these entities
are only observed indirectly in hadron structure experiments, yet they provide a physical
basis that readily delivers a practicable understanding of real-world hadrons. The effective
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interactions between dressed quarks and gluons are nevertheless highly intricate and
require careful theoretical treatment.

The dressed gluons and quarks and their effective interactions emerge from the quan-
tum chromodynamics (QCD) Lagrangian. However, their connections to the elementary
structural objects in QCD, to the partonic quarks and gauge gluons, and to their interac-
tions, encoded in the QCD Lagrangian, which are relevant in perturbative QCD (pQCD),
are highly nontrivial [4-11]. Additionally, the aforementioned quasiparticle hadron con-
stituents and the interactions between them exhibit significant evolution with length scales.

These complexities suggest that the generation of both hadron mass and structure
should be viewed as emergent phenomena. This is especially true given that the emergence
of hadron mass (EHM) and the intricate structure of hadrons cannot be calculated from
the QCD Lagrangian within any sort of perturbative expansion. Perturbative QCD is
unconnected with such phenomena because the formal power series expansion of any
S-matrix element in all quantum field theories of interest is at best an asymptotic series [12].
Instead, expanding our understanding of EHM and hadron structure requires a concerted,
synergistic effort. It must combine experimental research, phenomenological studies, and
significant improvements in the description of the transition between the pQCD domain,
whereupon perturbative expansions can deliver an approximation to some observables, and
the strongly coupled (sQCD) regime, where nonperturbative treatments of the fundamental
interactions encoded in the QCD Lagrangian are essential for any predictions [6-11].

In recent decades, significant progress has been made in exploring the structure of
nucleon excited states (N*) using data on exclusive meson electroproduction off nucleons,
primarily at Jefferson Lab (JLab) [13-17], along with results from MAMI [18-21] and MIT
Bates [22]. The combination of the continuous electron beam from the CEBAF accelerator,
with energies up to 6 GeV, and the nearly 47t acceptance CLAS detector in Hall B at
JLab [23], has provided the majority of the worldwide data on most exclusive meson
electroproduction channels off nucleons in the resonance region. Analyses of these results
within well-constrained reaction models have enabled the extraction of the electroexcitation
amplitudes, also called y,pN* electrocouplings, for N* states with masses ranging up to
1.75GeV and for virtual photon four-momentum transfer squared (Q?), commonly referred
to as photon virtuality, covering the domain Q? € [0,5] GeV? [13,16,24,25].

Herein, we discuss the impact of experimental 7y, pN* electrocoupling results on our
understanding of the strong interaction dynamics that underlie EHM. Indeed, promising
new insights into EHM are offered by available experimental data on the Q2 evolution of
YopN* electrocouplings for nucleon resonances with different structure via analyses using
continuum Schwinger function methods (CSMs); and more may be expected when such
studies are augmented by the inclusion of meson-baryon final state interactions, which play
arole on Q% < 1GeV?2. We will outline the prospects for continuing progress from these
studies with data obtained during the ongoing 12 GeV era experiments using the CLAS12
detector in Hall B at JLab [26]. Additionally, we will highlight the unique opportunity to
explore the full domain of distances whereupon the dominant part of baryon masses and
N* structure emerges in the transition from the pQCD to the sQCD regimes. The potential
of such studies would be greatly enhanced by an increase in the JLab accelerator energy up
to 22 GeV [27].

2. EHM Basics

Hadron mass and structure are generated by strong interactions; indeed, they are
definitive of strong interactions. In the SM, the short-distance behavior of strong inter-
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actions is derived from the QCD Lagrangian, expressed in terms of partonic quarks and
gauge gluons, which are the degrees of freedom used for pQCD computations, viz.,

ftop= Y. 4 [7 L4 iglAiy . AT mf} g5+ 1G2,Go, (1a)
f=u,dgs,...
Gpy = 0 AL + 3 A — gfC AL A, (1b)

where {q/ | f = u,d,s,c,b,t} are the fields associated with the six known flavors of quarks;
{my} are their current masses, generated by Higgs boson couplings; { A} |a =1,...,8} are
the color-octet gluon fields, whose matrix structure is encoded in {%/\“} ; the generators
of SU(3) color in the fundamental representation; and g is the unigue QCD coupling, in
terms of which one conventionally defines « = ¢?/[471]. Much or even most of that
which is nontrivial about QCD can be attributed to its being a Poincaré-invariant quantum
non-Abelian gauge field theory defined in four-dimensional (4D) spacetime [28].

The Lagrangian in Equation (1) is expressed using a Euclidean metric, which will be
employed throughout hereafter; see, e.g., ref. ([29], Section 2.3). The choice of a Euclidean
metric is practically essential for comparing CSM predictions with results obtained from the
numerical simulation of lattice-regularized QCD (I1QCD) because the effective use of 1QCD
requires a positive definite probability measure, which is only available in Euclidean space.
Moreover, there are good mathematical reasons to view Euclidean space as primary, since
if there is any hope of arriving at a rigorous definition of QCD, then it is by formulating the
theory in Euclidean space (see, e.g., ref. [8], Section 1).

For hadrons composed of light u- and d-quarks, the masses in Equation (1) are sig-
nificantly smaller than the hadron masses. The limit where the Lagrangian current quark
masses are set to zero defines the QCD chiral limit. A rigorous definition of the chiral limit is
only possible because QCD is asymptotically free [30-32]: asymptotic freedom guarantees
that the scalar part of the quark self energy vanishes when Higgs boson couplings are
removed ([33], Sections III and IV).

Pursuing the chiral limit further, note that in this case the chromodynamics Lagrangian
in Equation (1), treated as defining a classical theory before field quantization, is invariant
under scale transformations x;, — x;l = 0xy, with 0 being a constant dilation factor. This
invariance is associated with the Noether dilation current DV = T;“,xv, where THV is the
chromodynamics energy-momentum tensor (EMT), which must then be conserved. Thus,
scale invariance is the statement BVD;, = 0 = Ty, viz., the EMT must be traceless in a
scale-invariant theory ([34], Chapter 1) [35]. Considering, then, the forward limit of the
in-nucleon expectation value of the chromodynamics EMT, one has

0 = myy (N(p)| T35 = 0[N(p)) = —p? = @

namely, the nucleon (and all other hadrons) must be massless.

This is one consequence of the following general statements. In scale-invariant theories,
dynamics cannot be supported; only kinematics persists. Further, since all length scales
are equivalent, there is no stabilization mechanism to support bound states. Confinement
cannot be realized because quarks and gluons can be separated by any distance, and all
such configurations would remain indistinguishable in scale-invariant theories.

After quantization, classical chromodynamics becomes QCD and a mass scale is
introduced through the regularization and renormalization procedure, which is required
to eliminate ultraviolet divergences and is characterized by a renormalization scale, (.
(Infrared divergences may also appear in perturbation theory and can be treated with
mathematical rigor.) Naturally, true observables cannot depend on the choice of {; however,
many other intermediate, useful quantities do. For instance, the quantization procedure
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entails that the QCD coupling comes to depend on the energy scale: & — «({). The
derivative of the logarithm of the QCD running coupling with respect to { defines the QCD
B-function. Following some straightforward algebra, one finds that, even in the chiral limit,
the divergence of the QCD dilation current, d, D), and, consequently, the trace of the QCD
EMT, T;;,, become non-zero [35]:

dLocp CD
9ty = 2L = o) "X = p(a)} G4, Gl = Ty = O @)
This is an expression of the QCD trace anomaly.

In QCD, therefore, the forward limit of the in-nucleon EMT expectation value is

mn(N(p)| Ty = ©o|N(p)) = —p> = my #0. (4)

Namely, so long as the QCD B-function is non-zero, gluons can potentially/probably
generate a mass for the nucleon (and other hadrons), even in the limit of massless quarks.
The question is as follows: How large is the trace anomaly contribution?

This is the crux. The existence of the trace anomaly merely indicates that a hadron mass
scale is very likely generated by the quantization of 4D QCD. It provides no information
nor insights regarding the underlying dynamics of hadron mass generation or the size
of the effect. A deeper understanding is needed to explain, e.g., why the trace anomaly
manifests itself so differently in generating pion and nucleon masses: at physical values
of the light-quark current masses m /my =~ 1/7 and, in the chiral limit, m, /my = 0 (see
Section 6). Additionally, theoretical efforts should address the issue of predicting the value
of the hadron mass scale, even though that is beyond-SM physics.

An extensive effort is underway at JLab to observe some/any manifestation of the
trace anomaly in the in-nucleon expectation value of the EMT through experiments on
J /¢ photo- and electroproduction in the near-threshold region [36]. These studies form an
important part of the motivation for the experimental program at the Electron-Ion Collider
(EIC) [37]. However, numerous studies [38—43] have shown that significant improvement of
reaction models is necessary before, if ever, it may become possible to deliver an objective
extraction of nucleon gravitational form factors from J /¢ photo- and electroproduction data
and therewith shed light on the trace anomaly and a potential partonic gluon contribution
to the proton mass. Today, any claim to have extracted a gluon contribution to the proton
mass is insupportable.

In the SM, the renormalization group-invariant (RGI) current masses of the parton
quarks are generated through the Higgs mechanism [44,45]. A mechanism of this type
was confirmed by discovery of the Higgs boson at CERN [46,47]. It is responsible for
generating the Lagrangian masses of the most fundamental constituents of matter known
so far, namely, quarks and leptons. However, the Higgs mechanism plays a negligible role
in generating the masses of nucleons and their excited states, N*. This becomes evident
when comparing the measured masses of protons and neutrons with the sum of the masses
of their valence quark constituents, as presented in Table 1. Protons and neutrons are bound
systems seeded by three light quarks, i.e., uud and udd, respectively. The sum of the current
masses of these quarks, which is generated by Higgs couplings into QCD, accounts for
less than 2% of the measured nucleon masses. The comparison in Table 1 employs quark
current masses from ref. ([48], PDG) at a scale { = 2.0 GeV. The use of RGI quark current
masses leaves estimates for their contribution to the measured masses of the proton and
neutron almost unchanged. This accounting indicates that the dominant part of the nucleon
mass is created by mechanisms other than those associated with the Higgs boson.
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Table 1. A comparison between the measured masses of the proton and neutron, m N=p,ns and the
sum of the current quark masses of their three u and d valence quark constituents [48]. Current
quark masses are listed at a scale of 2 GeV, but the comparison remains practically unchanged if
renormalization group-invariant current masses are used.

Proton Neutron

Measured masses (MeV) 938.2720813 939.5654133

4 0.0000058 4+ 0.0000058
Sum of the current
quark masses (MeV) 8.097 %2 115078
Contribution of the current
quark masses to the
measured
nucleon mass (%) <1.1 <14

The past few decades have seen significant progress with experimental studies
of the structure of pseudoscalar mesons and the ground and excited states of the
nucleon [5,13-15,17,24]. Analyses of these results, conducted through synergistic efforts
involving experiments, phenomenology, and QCD-based hadron structure theory, have
conclusively demonstrated that the dominant part of a baryon’s mass is generated by strong
interactions at distance scales beyond that which marks the pQCD-to-sQCD transition
boundary [5,6,8,9,11]. Recent progress in theory has enabled this point to be located; see
below.

Working with CSMs, a unified theoretical framework has been established for elucidat-
ing the role of EHM in both the meson and baryon sectors, including ground and excited
states of nucleons. In fact, currently, CSMs provide the only QCD-connected approach
capable of predicting the Q2 evolution of nucleon resonance electroexcitation amplitudes
within the same framework used to explain the properties of many other hadrons, includ-
ing Nature’s most fundamental Nambu—Goldstone bosons. The development of other
nonperturbative theoretical tools for QCD to a point wherefrom they can supply a similar
array of results is eagerly awaited.

CSM studies predict that, owing solely to the gluon self-interactions evident in
Equation (1), which become strong at infrared scales, massless gluon partons undergo
a remarkable metamorphosis, becoming quasiparticles characterized by a running mass
function that is large at infrared momenta. This mass function, illustrated in Figure 1—left,
is entirely nonperturbative and the purest expression of QCD’s trace anomaly and real-
ization of EHM: massless gluons become massive as a direct consequence of interactions
amongst themselves. Couched in RGI terms, the gluon mass scale is [49]

mo = 0.43(1) GeV. )

No “human interference” is required here, i.e., no Higgs boson phenomenology or anything
like it is needed in order to engineer the appearance of a gluon mass scale. The phenomenon
is a consequence of a Schwinger mechanism in QCD [50-52], i.e., a remarkable dynamical
effect at work in QCD'’s gauge sector, which manifests itself in the generation of a mass
scale in the gluon vacuum polarization. A contemporary perspective on this physics is
provided elsewhere [7,10]. Importantly, as explained therein, both CSM and IQCD analyses
of QCD’s gauge sector agree on these outcomes, which may therefore be described as QCD
facts.

There is no simple mapping between the partonic form of the trace anomaly in
Equation (3) and the emergence of a gluon mass scale. Since the outcome is essentially
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nonperturbative, there cannot be. Nevertheless, as a Poincaré-invariant matrix element,
the non-zero value of (N(p)|@g|N(p)) is independent of the degrees of freedom used in its
evaluation. Such a calculation has thus far proved impossible using a partonic basis. On
the other hand, using CSMs, with their exploitation of gap equations and the quasiparticles
they produce, tractable calculations have become available; see, e.g., refs. [53-55]. They
provide a direct means of connecting the gluon mass scale with my and many other features
of strong interaction observables.

Lol O JLabEG4 (2022) |
’ <& JLab E97110 (2022)
' I JLab EG1dvcs
08l ® Hall AICLAS
® JLab CLAS (2008)
E JLab CLAS (2014)
K 06f A DESYHERMES
S v CERN COMPASS
T 4 < CERNSMC
“I » CERNOPAL
@ SLAC E142/E143
0.2 ® SLAC E154/E155
R M JLab RSS
0.0t T o v | # Fermilab T
s s s s . oof T ‘ |
0 1 2 3 4 0 005 0.1 1
k/ GeV k[GeV]

Figure 1. (Left) CSM predictions for the momentum (k = N2 ) dependence of the dressed gluon (solid
blue curve) and quark (dot-dashed green) mass functions in the chiral limit [6,56,57]. For the quark,
the associated like-colored bands express existing uncertainties in the CSM predictions. Relative
uncertainties for the gluon are similar. Crucially, both functions are essentially nonperturbative,
viz., neither can appear at any finite order in perturbation theory. (N.B. Since the Poincaré-invariant
kinetic energy operator for a vector boson has mass-dimension two and that for a spin-half fermion
has mass-dimension unity, then for m% /K% = 0, My(k) « 1/k* and mé(k) o« 1/K2, up to Ink?
corrections.) (Right) CSM prediction [49] for the momentum dependence of process-independent
QCD running coupling, &(k) (soft-purple curve and associated uncertainty band, which includes
uncertainties associated with the gluon mass function) compared with empirical results [58] for the
process-dependent effective charge defined via the Bjorken sum rule. The vertical yellow band marks
the window of sQCD <+ pQCD transition in the running coupling—see Equation (9). Notably, in
contrast to My (k), mg(k), the running coupling is non-zero in pQCD: a one-loop approximation is
reliable on k 2 2my. (A complete discussion of effective charges is available elsewhere [59]. All
sources of the data in the right panel are listed in refs. [58,59].)

The emergence of a gluon mass scale has far-reaching consequences. One of the most
fundamental is expressed in QCD’s running coupling, a context for which is provided
in ref. [59]. As explained in ref. [60], using the pinch technique [61-63] and background
field method [64], it becomes possible in QCD to define and calculate a unique, process-
independent (PI) and RGI analogue of the Gell-Mann-Low effective charge, first introduced
for quantum electrodynamics (QED) [65]. The most detailed analysis of this charge, often
denoted &(k?), is provided in ref. [49]. Therein, modern results from continuum analyses of
QCD’s gauge sector and 1QCD configurations generated with three domain-wall fermions
at the physical pion mass [66—-68] were used to obtain a parameter-free prediction of &(kZ).
The resulting charge is shown in Figure 1—right. It was calculated using a momentum
subtraction renormalization scheme, in which the RGI scale Agcp = 0.52 GeV when n = 4,
Mathematically, one such RGI scale is necessary and sufficient to complete the analysis; so,
one can equally trade Aqcp for the gluon mass:

AQCD =121myg. (6)

Regarding Figure 1—right, one observes a remarkable feature. Namely, whereas the
perturbative running coupling in QCD exhibits a Landau pole, i.e., diverges at Agcp,
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irrespective of the loop-order in the calculation (see the discussion in ref. [59]), the PI charge
is a smooth function on k? > 0: the emergence of the gluon mass scale eliminates the
Landau pole. This feature emphasizes the role of EHM as expressed in Equation (5): the
existence of mg ~ my /2 guarantees that long-wavelength gluons are screened, so they play
no dynamical role. (This also resolves the Gribov ambiguity [69].)

Working with the PI charge, one can compute the associated p-function:

Ba(t) = %lnﬁc(ezt), F= (1/2)Ink/ A3, @)

The maximum value of

Ba(t)| occurs at kg .~ 2.0mg. This is the point at which the
Pl-charge B-function is changing most rapidly. The derivative of the PI charge itself takes
its largest magnitude on the neighborhood ks =~ 1.4my. Halfway between these two
locations lies the PI-charge screening mass, namely, the point at which the perturbative cou-
pling would diverge, realizing a Landau pole, but the PI charge reaches half its maximum
value: &((1.7Aqcp)?)/ 7 ~ 0.5. The pion and kaon structure function studies in ref. [70]
identified this screening mass with the hadron scale:

ly =1.7mg, (8)

i.e., the renormalization scale whereat valence quasiparticle degrees-of-freedom should
be used to formulate and solve hadron bound state problems. This notion is proving
efficacious; see, e.g., refs. [8,9,11,71,72].

The above discussion enables one to identify a domain of sQCD > pQCD transition
in QCD’s running coupling;:

sQCD; « 14<k/my<$20 —  pQCD,, 9)

which is marked in Figure 1—right; see the vertical yellow band. At the borders of this
domain, one has &/ ~ 0.6, 0.4, respectively.

Figure 1—right also displays experimental measurements of the process-dependent
charge, ag, (k?) [58], determined from the Bjorken sum rule [73,74]. Evidently, there is
good agreement between the two charges. This is partly explained by the fact that the
Bjorken sum rule is an isospin non-singlet relation, which suppresses many dynamical
contributions that might distinguish between the two charges. The charges are not identical;
but, equally, on any domain for which perturbation theory is valid, they are nevertheless
much alike: re () Ko .

gl(kz) =1+ %aM—S(kz), (10)

where s is the textbook pQCD running coupling. At the charm quark current mass, the

ratio is 1.007, viz., indistinguishable from unity insofar as currently achievable precision is
concerned. Considering the other extreme, the Bjorken charge saturates to ag, (k* = 0) = 71;

hence,
K?) R<m?
1K) <) a0y (11)

This discussion establishes that, for sound reasons in mathematics and physics, the process-
dependent charge determined from the Bjorken sum rule is practically indistinguishable
from the PI charge that emerges from QCD’s gauge sector dynamics [49,60].

Since & (k?) is process-independent, it can serve numerous purposes and unify many
observables. Consequently, & is a good candidate for the long-sought running coupling that
describes QCD interactions at all accessible momentum scales [75]. Critically, the properties
of &(k?) support the conclusion that QCD is actually a theory, viz., a mathematically well-
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defined D = 4 quantum gauge field theory. As such, QCD emerges as a viable tool for
extending the SM by giving substructure to particles that today seem elementary.

QCD’s quark partons are also transmogrified, and their emergent properties can be
revealed by solving the quark gap equation; see ref. [76] for details. The general solution of
the gap equation takes the following form:

S(k) = Z(kK*)/liv -k + M(K*)], (12)

where Z(k?) is the quark wavefunction renormalization function and M(k?) is the RGI
quark mass function. The gauge sector elements discussed above are key pieces in the gap
equation’s kernel [76]. Solving the equation obtained therewith, working in the chiral limit,
one obtains a dressed quark mass function of the type drawn in Figure 1—left. Lattice-
regularized QCD delivers similar outcomes [77,78]. Hence, in the matter sector, too, sQCD
dynamics produces mass from nothing: massless quark partons become massive owing
to interactions with their own gluon quasiparticle field. Notably, 3 M(0) ~ my. In this
outcome, one sees a natural explanation for the scale of the nucleon mass and its connection
with emergent features of QCD.

Here, it should be stressed that My(k), mg(k) in Figure 1—left are essentially non-
perturbative. So, whereas a pQCD approximation to the running coupling can be useful
on k 2 2my, that is not the case for the gluon and quark mass functions: they are both
identically zero at all orders in perturbation theory. Regarding My (k), a domain of sQCD
dominance can be identified by comparing this function with its u-quark kin, M, (k), which
is non-zero in pQCD. Reviewing ref. ([6], Figure 2.5), M (k) becomes clearly distinguishable
from M, (k) on

sQCDy, <« 53k/mg. (13)

Evidently, the domain of sQCD dominance for the quark mass function extends far into the
pQCD domain of the running coupling.

Together, the emergence of an RGI gluon mass scale, my, the existence and infrared
saturation of a process-independent QCD running coupling, &(k?), and the chiral-limit
generation of dressed quarks with an RGI running mass, My (k?), constitute the three pillars
of the EHM paradigm. Working with these elements, directly when possible and using
well-constrained Ansitze otherwise, one is readily able to deliver structure predictions for
ground and excited state nucleons in a mass range that reaches, at least, to 2 GeV.

Regarding N* electroexcitation, in the leading order of a systematic CSM approxima-
tion scheme, a virtual photon interacts, in turn, with each of the three dressed quarks that
characterize the system. The matrix elements that describe such interactions are sensitive
to, inter alia, the dressed quark propagators; hence, a quark mass function of the type
drawn in Figure 1—left; the dressed photon—quark vertex, in whose calculation the quark
mass function plays an important role; the diquark correlation amplitudes (discussed
in Section 4) and the Faddeev amplitudes of the hadrons involved are both calculated
from equations in which the quark mass function forms a key part of the kernels. Thus,
in predicting observables, CSMs deliver a synergistic expression of all these and related
dynamical effects. Plainly, therefore, a successful description of the v,pN* electrocouplings
for excited states of the nucleons of different structures achieved in CSM analyses with the
same momentum dependence of dressed quark mass within a broad range of Q? delivers
empirical insights into the momentum dependence of the dressed quark mass. The range of
coverage for mapping the dressed quark running mass increases with Q? [8,9,24], scanning
the infrared at low Q? and reaching beyond the sSQCD), boundary as Q? is increased into
the domain on which pQCD effects are dominant.
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Empirical information on N* electroexcitation amplitudes, obtained from exclusive
meson electroproduction data, is continually expanding. In the near term, these results
are expected to become available for most N* states with masses up to 2 GeV and Q? <
5 GeV?, based on data from the 6 GeV era with CLAS. Furthermore, experiments with
CLASI12, currently underway in Hall B at JLab, aim to extend these measurements up to
Q* =~ 10GeV? [79].

Available and forthcoming results on N* electroexcitation amplitudes will enable the
exploration of Q2-scales that cover the evolution of the dressed quark mass function from
its maximum value, M(0), out to M(0)/2,ie., 0 < k < kg, or lengths 2 0.2 fm. Moreover,
studies of the electroexcitation amplitudes for nucleon resonances of different structures
provide a unique opportunity to establish either the universality or environmental sensi-
tivity of the dressed quark mass function. These analyses also facilitate the exploration of
the connection between EHM and dynamical chiral symmetry breaking (DCSB), especially
through the electroexcitation amplitudes of chiral partner resonances. Importantly, too,
they will enable the examination of diquark correlations with different ]é)q spin-parities, as
revealed in experimental results on the electroexcitation amplitudes of resonances with
various spin-parities J”. This will provide a window onto the partial wave decomposition
of the scattering amplitudes for the dressed quarks.

3. Nucleon Resonance Electroexcitation Data from the JLab 6 GeV Era

In recent decades, the information on the Q? evolution of N* electroexcitation ampli-
tudes has been significantly expanded through measurements of exclusive meson electro-
production in the resonance region [9,13,15,25]. Analyses of exclusive meson electropro-
duction observables using various reaction models have enabled the determination of N*
electroexcitation amplitudes for most nucleon resonances in the mass range up to 1.75 GeV
across a wide range of Q? from the photon point to 5 GeV?2. These experimental results
provide critical input needed to gain insights into the strong interaction dynamics under-
lying EHM. This section highlights the advances in the study of the N* electroexcitation
amplitudes achieved using data from the 6 GeV era at JLab.

3.1. Extraction of y,pN* Electrocouplings from Exclusive Electroproduction Data

Nucleon resonance electroexcitation can be fully described by three v,pN* electrocou-
plings:
A1p(QY), A3pp(Q%),  S1/2(Q%). (14)

The first two electrocouplings, A;/,(Q?) and A3,,(Q?), describe resonance electroexci-
tation by transversely polarized photons, while the third, S;,,(Q?), corresponds to N*
electroexcitation by longitudinally polarized photons, which is relevant only for the electro-
production process. All three electrocouplings depend on Q2.

These electrocouplings are proportional to the helicity amplitudes that describe the
transition v, + p — N* in the center-of-mass (CM) frame of the virtual photon and proton
for different helicities of the initial particles. The subscripts in Equation (14) correspond to
the sum of the projections of the virtual photon and target proton (nucleon) spins onto an
axis that is aligned along the three-momentum of the virtual photon. These electrocouplings
are uniquely determined through their relationship with the resonance electromagnetic
decay widths, Fg and F%, to the <, p states with transversely and longitudinally polarized
photons, respectively:
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7?.(Q%)  2My
(W =My, Q%) = 22— i (412(Q0P +14sp(@)P),  (159)
2 2
Liar o 17,(Q7)  2My 2412

with g,,r = g4 ]y_y,, being the absolute value of the 7, three-momentum at the resonance
point, M, and |, the resonance mass and spin, respectively, and My the nucleon mass. W
is the sum of the energies of the 7, and target proton in their CM frame.

Alternatively, resonance electroexcitation can be described by three transition form
factors, G, 5 (Q?) or GiEc (Q?) [16], which represent Poincaré-invariant functions in the
most general expressions for the N — N* electromagnetic transition currents. For spin-
1/2 resonances the number of form factors in the N — N* transition currents reduces
to two. Consequently, the Ff ,(Q?) Dirac and Pauli transition form factors can be used.
The description of resonance electroexcitation in terms of the electrocouplings and the
electromagnetic transition form factors is fully equivalent, as they are unambiguously
related; see, e.g., refs. [16,80].

The v,pN* electrocouplings have been extracted from observables of 7N, 17p, and
Tt~ p electroproduction off protons. Independent and combined studies of the most
relevant exclusive meson electroproduction channels in the resonance region are crucial
for the reliable evaluation of these electrocouplings. The full amplitudes that describe
any given electroproduction channel represent a superposition of N* electroexcitation in
the s-channel for the virtual photon + proton interaction, along with a complex set of
amplitudes representing contributions other than s-channel resonance electroexcitation,
known as the non-resonant contribution or background. These different contributions are
illustrated in Figure 2.

e 4 7N, np, ©rp, KA, K e + =N, np, trp, KA, KE
! Y Y\
€ _~ '\‘ N*, A% i v
N 4 \ N’ N N’
Resonant amplitudes Non-resonant amplitudes

Figure 2. A simplified diagrammatic representation of the resonant and non-resonant amplitudes
contributing to various exclusive meson electroproduction channels in the resonance region.

The non-resonant amplitudes in various exclusive channels are entirely different.
However, the v,pN* electrocouplings should be the same, as the N* electroexcitation
amplitudes and their hadronic decay amplitudes to different final hadron states are inde-
pendent. These amplitudes are separated in spacetime by the N* or A* propagators; see
Figure 2—left. Therefore, consistent results for the 7,pN* electrocouplings, obtained from
independent analyses of different exclusive electroproduction channels, provide strong
evidence for the capabilities of the reaction models to reliably extract the electrocouplings.
The variation in the extracted values of these electrocouplings from such analyses allows
for the evaluation of the systematic uncertainties associated with the use of reaction models
in their extraction.
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3.2. Current Status of yopN* Electrocoupling Results

Studies of nucleon resonance electroexcitation in various meson electroproduction
channels became feasible following the availability of data from the 6 GeV era at JLab,
collected in Hall B using the CLAS detector and in Halls A and C. The majority of the
world’s information on single- and multi-meson electroproduction data off protons in the
resonance region has been obtained using the CLAS detector for Q2 up to 5 GeV? [13,15].

The data are stored in the CLAS Physics Database [81,82] and in the SAID database [83].
For the first time, an extensive dataset (=150,000 points) on differential cross sections and
polarization asymmetries has been made available, with nearly complete coverage of the
final-state hadron CM-emission angles. This coverage is critical for reliable extraction of
the electrocouplings. A summary of the meson-baryon electroproduction data obtained
from the 6 GeV era experiments at JLab and used to extract the v,pN* electrocouplings is
presented in Table 2.

Table 2. A summary of the exclusive meson electroproduction data obtained in the resonance region in
experiments during the 6 GeV era at JLab and used for the extraction of the y,pN* electrocouplings,
including differential cross sections 5—6, beam A, target A;, beam—target Aj, asymmetries, and
recoiled PV and transferred P’ polarizations of A and X hyperons.

Hadron Final W Coverage Q? Coverage Measured References
State (GeV) (GeV?) Observables
ntn 1.1-1.38 0.16-0.36 g [84]
1.1-1.55 0.3-0.6 .4 [85]
1.1-1.70 1.7-4.5 do, Ay [86]
1.1-1.66 0.4-0.65 Ap [87]
d
1.6-2.00 1.8-4.5 o [88]
7p 1.1-1.38 0.16-0.36 4o [84]
1.1-1.68 0.4-1.8 4e, Ay, A, Ap [89-91]
1.1-1.39 3.0-6.0 g [89]
1.1-1.38 0.16-0.36 rL4 [84]
1.1-1.80 0.4-1.0 de, Ay [92,93]
np 1.5-2.30 0.2-3.1 dg [94]
1.50-1.80 5.7-7.0 rL4 [95]
1.49-1.62 24-3.6 L [96]
KTA 1.61-2.60 1.40-3.90 o [97,98]
0.5-3.90 Ay [98,99]
0.70-5.40 PO, p [100-102]
K+x0 1.68-2.60 1.40-3.90 o [97,98]
1.40-3.90 Ay [98]
0.70-5.40 PO, p [101,102]
ntaTp 1.3-1.6 0.20-0.60 Nine 1-fold [103]
1.4-2.10 0.4-15 differential [104,105]
Cross
1.4-2.00 2.0-5.0 sections [106,107]

Several approaches have been developed for the extraction of the electrocouplings
from these data that were determined from independent studies of the individual channels:
mtn and 70p [88,108-111], 57p [94,112,113], and 7w 7t~ p [14,114-116]. The development of
a global multi-channel analysis for 7N, 7N, KA, and KX photo-, electro-, and hadroproduc-
tion to extract the 7, pN* electrocouplings within an advanced coupled-channels approach
by the Jiilich-Bonn-Washington group represents an important breakthrough [117,118]. For
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the first time, this approach allows a complementary determination of the electrocouplings
for most N* states up to 1.75 GeV for Q> < 5 GeV? from the available data of the above-
mentioned channels in a combined analysis that accounts for the final state interactions
described within the models that are checked in comparison with the data of experiments
with hadronic probes. Earlier results on the electrocouplings of the A(1232)3/2" and
N(1440)1/2" were obtained from a global multi-channel analysis of photo-, electro-, and
hadroproduction data within the coupled-channels approach developed by the Argonne-
Osaka group [119]. The results on the ,pN* electrocouplings obtained from independent
studies of the 7N and 77w~ p electroproduction channels are further supported by a
coupled-channels analysis conducted by the Jiilich-Bonn-Washington group [117].

Most electrocoupling results to date have been derived from independent analyses of
CLAS data on 7N and 7t 7t~ p electroproduction. The unitary isobar model and dispersion-
relation approaches developed by the CLAS Collaboration for TN electroproduction [88,110,
111] provide a good description of the observables for W up to 1.7 GeV and Q? < 5 GeV2.
Similarly, the data-driven JLab—-Moscow (JM) meson-baryon reaction model successfully
describes the 777 71~ p electroproduction data for W < 2 GeV and Q? < 5 GeV? [14,115,116].

These reaction models for 7N and 71+ 71~ p electroproduction enable the reliable iso-
lation of the resonant contributions, essential for extracting the electrocouplings. The
YopN* electrocouplings were deduced from the isolated resonant amplitudes accounting
for restrictions imposed by the unitarity condition on the resonant contributions [16,115]. A
summary of the results on the 7,pN* electrocouplings obtained from the exclusive meson
electroproduction data measured with CLAS is presented in Table 3. The most recent results
are reported in refs. [14,79,120,121].

Table 3. The y,pN* electrocouplings determined from independent analyses of different meson
electroproduction channels measured with CLAS.

Channel Excited Nucleon Q? Range (GeV?) of
States Electrocouplings
A(1232)3/27, 0.16-6.0
mtn, lp N(1440)1/2%, N(1520)3/2, 0.3-4.16
N(1535)1/2~ -
N(1675)5/27, N(1680)5/2%,
+
mn N(1710)1/2* 1.6-4.5
np N(1535)1/2~ 0.2-2.6
N(1440)1/2%, N(1520)3/27,
A(1600)3/2°, 0.25-5.0
T p A(1620)1/27,N(1675)5/2,
N(1680)5/2", 0.5-1.5

A(1700)3/2~, N(1720)3/2",
N'(1720)3/2F

Figure 3 shows representative examples of the transverse Aj /> (Q?) electrocoupling
for the N(1440)1/2" and the A3,,(Q?) electrocoupling for the N(1520)3/2~ versus Q?,
obtained from independent studies of the 77N [88,111] and 7t+ 7t~ p [14,115,116] channels.
The electrocouplings inferred from data on the two major 7N and 7t 7t~ p electropro-
duction channels, with different non-resonant contributions, are consistent. This success
exemplifies the capabilities of the reaction models developed by the CLAS Collaboration
for the credible extraction of the 7, pN* electrocouplings from independent studies of the
7N and 77t~ p electroproduction channels for nucleon resonances located within the
mass range up to 1.6 GeV.
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Figure 3. N(1440)1/2% and N(1520)3/2" electrocouplings extracted from the 7N [111] and
t ™ p [14,115,116] electroproduction channels. The photocouplings from the Particle Data Group
(PDG) [48] and from ref. [122] are shown by the blue squares and triangles, respectively. The key to
the symbols and the color coding is shown in the left panel.

Similarly, the capabilities of the aforementioned reaction models have been verified for
extracting the 7, pN* electrocouplings from the 7N and 7" 71~ p electroproduction channels
for resonances in the third resonance region. The comparison of the electrocouplings for
the N(1675)5/2~ and N(1680)5/27 is shown in Figure 4. The consistent results for both
resonances across the range of Q? from 2 to 5 GeV? covered by the CLAS measurements
conclusively demonstrate the reliability of the developed reaction models for extracting the
electrocouplings in the third resonance region.

°F N(1675)5/2- w N(1680)5/2*
& rr } & }
(-._D, 1| + g nl |
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S # S uf 1
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Q* (GeV?) Q? (GeV?)

Figure 4. N(1675)5/2~ and N(1680)5/27" electrocouplings extracted from the 7N [88] and
7t 7t~ p [123] electroproduction channels. The key to the symbols and the color coding is the same as
in Figure 3.

4. Insight into EHM from Studies of N* Structure

This section explores new opportunities for mapping the momentum dependence of
the dressed quark mass from results on the Q? evolution of the 7,pN* electrocouplings.

4.1. Dressed Quark Running Mass and Its Connection to N* Structure

We begin by discussing the running mass of a dressed quark. Owing to confinement,

a dressed quark is always off-shell. Nonetheless, it is worth recalling the mass definition of
a particle on-shell: the Poincaré-invariant mass, M, of an on-shell particle is
M? =E? -7, (16)

where E and 7 represent the particle’s energy and three-momentum, respectively, as usual.
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To describe the propagation of an off-shell particle, which is of relevance for confined
quarks, the definition of mass must be generalized. In quantum field theory (QFT), the
particle mass, M, can be determined via the propagator. In Euclidean space, this is a
two-point Schwinger function. For a spin-1/2 particle, such a propagator is proportional to

ijMZ with p? = (iE)? + % (17)
Note, in general, pz £ —M?, s0 Equation (17) is often interpreted as describing the propa-
gation of a particle with non-zero virtuality, i.e., an off-shell particle. The poles in Equa-
tion (17), viz., the solutions of p> + M? = 0, are associated with the on-shell (directly
measurable) mass of the particle.

Now, recall Equation (12). This is the general form for the Euclidean propagator of
any spin-1/2 object in QFT. Focusing on QCD, the RGI running quark mass depends on
the quark’s squared four-momentum, k* = (iE)? + K2 = K2+ k2 > 0, in Euclidean space.
The images in Figure 1—left depict running masses as a function of k = V/k2. The mass
function in the dressed quark propagator, M (k) or M(k?), can be accessed via experimental
results on the Q? evolution of the 7,pN* electrocouplings.

Using CSMs, nucleon resonance electroexcitation is described by an electromagnetic-
current-conserving set of diagrams [25,124-127], partially depicted in Figure 5. They
represent the dominant contributions to the resonance electroexcitation amplitudes. The
full set of transition amplitudes can be found in ref. ([125], Figure C1). The amplitudes
describing the interactions of real or virtual photons with dressed quarks and diquark
correlations are sensitive to the dressed quark propagators. The mass function of the dressed
quark is a key component of the propagator, as defined by Equation (12). Consequently,
studying the Q? evolution of the ,pN* electrocouplings provides a valuable opportunity
to map out the momentum dependence of the dressed quark mass.

“seagull”
terms

(A) (B) ©)

Figure 5. CSM description of resonance electroexcitation amplitudes [25,124-127]. All diagrams
describe the transition p — dressed quark plus fully interacting diquark correlations — N*. The
Faddeev amplitudes for the transitions between dressed quark + diquark configurations and the
ground or excited states of the nucleon correspond to the proton, i, or N*, ¢y-, wavefunctions,
respectively. The virtual photon interacts with all quark propagators as shown in part in panels (A,C).
It also interacts with the diquark correlations as shown in panel (B) and with the transition diquark
— g + g amplitudes shown by the open ovals. The full set N — N* transition amplitudes can be
found in, e.g., ref. ([125], Figure C1).

4.2. Dressed Quark Mass Function Insights from y,pN* Electrocouplings of 6 GeV Era at [Lab

Studies of the v,pN* electrocouplings, determined from exclusive meson electropro-
duction data measured with the CLAS detector in Hall B at JLab, have revealed that the
nucleon resonance structure for all investigated excited states of the nucleon represents a
complex interplay between an inner core of three confined dressed colored quarks and an
external meson-baryon cloud composed of colorless de-confined hadrons [13,25,116,128-
130]. A general feature observed in N* electroexcitation is the gradual transition from the
combined contributions of both the quark core and the meson-baryon cloud to quark-core
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dominance as Q? increases. The rate of this transition with Q% depends on the structure of
the particular resonance.

This transition—from interactions between quarks within the N* quark core to interac-
tions between virtual mesons and baryons outside the quark core—reflects the transition be-
tween the quark-gluon confinement and meson-baryon strong interaction regimes. These
regimes underlie the generation of the two components in the N* structure. High-virtuality
photons penetrate the external meson-baryon cloud and predominantly interact with the
quark core. For most N*s, the quark core contributions become dominant for Q% above
1-2 GeV2. Thus, studies of the Q2 evolution of the ,pN* electrocouplings are critical for
understanding the interplay between meson-baryon and quark degrees of freedom in N*
structures. Currently, the CSM approach accounts solely for contributions from the dressed
quark degrees of freedom, as illustrated in Figure 5. A direct comparison between CSM
predictions and experimental results for the Q% evolution of the v,pN* electrocouplings is
meaningful only at length scales where quark core contributions dominate.

CSM analyses of the Q? evolution of the electrocouplings of the A(1232)3/2% and
N(1440)1/2" derived from experiments during the 6 GeV era at JLab have demonstrated the
ability to gain insight into the momentum dependence of the dressed quark mass function. As repre-
sentative examples, the CSM predictions for the leading N — A magnetic transition form factor in the
Ash convention [131], normalized to the dipole fit, and the A; /, electrocoupling for the N (1440)1/2*
are shown in Figure 6. All electroexcitation amplitudes for the A(1232)3/2" and N(1440)1/2*
have been predicted within the CSM framework and can be found in refs. [25,125,126,132]. To
study the impact of the dynamically generated momentum-dependent dressed quark mass, the
electroexcitation amplitudes were obtained using (a) a simplified momentum-independent g4 contact
interaction [132,133] and (b) Schwinger functions that express momentum dependence of the sort
driven by a gg-interaction derived from the QCD Lagrangian [125,126].

%
S

i A(1232)3/2* N(1440)1/2

o
3

40

Ay,*1000 (GeV-12)

20

CSM quark mass
e frOZEN
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Figure 6. A description of the N — A magnetic transition form factor normalized to the dipole fit G},/3Gp
with Gp(Q?) = (1+ Q%/0.71GeV?)~2 (left) and the electrocoupling A; /, for the N(1440)1/27" (right)
achieved using CSMs [125,126,133]. Results obtained with a momentum-independent (frozen) dressed
quark mass [132,133] (dotted red curves) are compared with QCD-kindred results (solid blue curves)
obtained with a momentum-dependent quark mass function of the type drawn in Figure 1 [125,126]. The
electrocoupling data were taken from refs. [88,95,111] for 7N electroproduction and refs. [14,115,116] for
7ttt p electroproduction. The photocouplings for the N(1440)1/2" are from the PDG [48] and from
ref. [122], blue square and triangle, respectively. The approximate range of (Q? where the contributions from
the meson-baryon cloud remain substantial are highlighted in gray.

In the simpler version (a), the interaction kernel for the gap equation is treated within
the rainbow ladder (RL) truncation, which is leading-order in a symmetry-preserving and
systematically improvable approximation scheme [134,135], and the interaction between
quarks is expressed by a momentum-independent “gluon” propagator:

4
Du(p—q) = dw—5~. (18)
mg
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Here, making a connection with Equation (5), mg = 0.5 GeV, and the interaction strength is
a parameter, with a1r /71 = 0.36 providing for a good description of light-meson properties;
see, e.g., refs. [136,137]. Version (a) defines an effective field theory—a symmetry-preserving
treatment of a contact interaction (SCI) [136,137]—designed to capture the near-conformal
behavior of QCD’s process-independent effective charge, viz., the fact that & does not run
on k < mg/2; see Figure 1—right. The SCI is not a precision tool, but it does have many
merits. For instance, algebraic simplicity; simultaneous applicability to a diverse array of
systems and processes; potential for revealing insights that link and explain numerous
phenomena; and capability to serve as a tool for checking the validity of algorithms
employed in computations that depend upon high-performance computing. Significantly,
today’s applications are typically parameter-free.

Using the SCI, one predicts a momentum-independent dressed quark mass M ~
0.35GeV, in line with the far infrared behavior of the running quark mass in Figure 1—left.
One use of SCI analyses is that they expose those features of N — N* transition form factors
that are (most) sensitive to QCD-like running of propagators and vertices. As examples,
SCI predictions for the magnetic transition form factor of the A(1232)3/2%, normalized
to the dipole fit G},/3Gp, and the A/, electrocoupling for the N(1440)1/2% are shown
in Figure 6 as red dashed lines [132,133]. The calculations overestimate the experimental
results for the A(1232)3/2% on Q? > 1GeV?, with the discrepancy increasing with Q?,
reaching more than an order of magnitude at Q% > 4 GeV?.

As seen in Figure 6—right, apart from producing a zero crossing in the correct neigh-
borhood, the SCI fails to describe the N (1440)1/2" electrocouplings across the entire range
of Q? covered by the measurements. Plainly, as intended by the calculations, one can
see that experimental results on the Q? evolution of the A(1232)3/2% and N(1440)1/2%
electrocouplings cannot be reproduced by a dynamically generated but frozen quark mass.

On the other hand, approach (b), built upon Schwinger functions that express momen-
tum dependence of the sort driven by QCD’s gg-interaction [125,126], delivers the solid blue
curves in Figure 6. In this case, a good description of the electroexcitation amplitudes for
both resonances is achieved across the full range of Q* where the quark core contributions
are expected to dominate.

The N* electroexcitation experiment-theory comparisons in Figure 6 provide strong
support for the conclusion that the mass of dressed quarks runs with distance, which may be
defined by the inverse of the photon virtuality Q*. Evidence for the relevance of constituent
quarks with running masses as the active component in N* structure has also been obtained
from studies of the y,pN* electrocouplings in quark models [128,138,139].

Significantly, this good description of the JLab results on the electroexcitation ampli-
tudes of the A(1232)3/2" and N(1440)1/2" was achieved when using the same dressed
quark mass function that is also employed in the successful description of pion and nucleon
elastic electromagnetic form factors [55,140]. Consistent results on the dressed quark mass
function, obtained from independent studies of pion and ground state nucleon structure
and from the N* electroexcitation amplitudes for states with different structures—spin—
isospin flip for the A(1232)3/2% and the first radial excitation of dressed quarks for the
N(1440)1/2+—provide compelling evidence for the existence of dynamically generated
dressed quarks with running masses as the principal active components in the structure of
pions, kaons, ground state nucleons, and the A(1232)3/2% and N(1440)1/27. This success
also demonstrates the capability of drawing a map of the RGI dressed quark mass function
using experimental results on the Q? evolution of N* electroexcitation amplitudes when
analyzed using CSMs.

CSM predictions for the electrocouplings of the A(1600)3/2" were made in 2019 [141],
prior to the availability of experimental results. These predictions are represented by
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the black solid lines in Figure 7 compared to the available data from CLAS [14]. The
first results on the electrocouplings of the A(1600)3/2" were obtained in 2023 through
the analysis of the nine one-fold differential 77+ 77~ p cross sections in bins of W and Q2.
The analysis covered a W-range from 1.46 to 1.66 GeV and Q? from 2.0 GeV? to 5.0 GeV2.
A representative example of the nine analyzed one-fold differential cross sections for a
particular W and Q? bin is shown in Figure 8. These cross sections consist of

e Three invariant mass distributions for the three pairs of final state hadrons;

e Three CM distributions over polar 6-angles for the final state 7+, 7~, and p;

*  Three distributions over the x-angles between the two planes A and B defined by (A)
the three-momentum vectors of a pair of final state hadrons and (B) of the third final
hadron and the initial state photon in the CM frame, as described in ref. [14].
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Figure 7. A(1600)3/2% electrocouplings obtained from the 71" 71~ p electroproduction cross sections
measured with the CLAS detector [14]: Ay, (left), S/, (center), and Az, (right) in comparison with
the CSM predictions [141].

The analysis was performed using the JM meson-baryon reaction model, developed
for extracting the 7v,pN* photo- and electrocouplings by fitting the 7+ 71~ p photo- and
electroproduction observables [14,114-116,142]. The JM model achieves a good description
of the " 7t~ p differential cross sections over the range W = 1.4-2.0 GeV and Q? up to
5GeV2. In fitting the CLAS 71+ 7~ p electroproduction data [106,107], the 7, pN* electro-
couplings were varied along with their total I'to; and partial 'z, I'pp decay widths to
the A and pp final states, respectively, as well as their masses. In ref. [14] the y,pN*
electrocouplings were varied for only the resonances in the mass range up to 1.6 GeV. This
analysis was focused on the extraction of the 7, pN* electrocouplings for excited states of
the nucleon located within the W range from 1.4 to 2.0 GeV. Additionally, the parameters
of the non-resonant amplitudes described in ref. [14] were varied simultaneously.

For each trial set of parameters, nine one-fold differential cross sections were computed
using the JM23 model [14], and the x?/data-point (d.p.) was evaluated through a point-by-
point comparison with the measured cross sections in each W and Q? bin. The computed
cross sections closest to the data, achieving x?/d.p. below a predetermined threshold
(defined to ensure the computed cross sections lie within the data uncertainties for most
measured points), were selected. These selected computed cross sections are shown in
Figure 8 by the red curves, while the resonant contributions are shown by the blue bars
with vertical sizes representing their uncertainties.

A good description of the measured cross sections enables the reliable isolation of
the resonant contributions. Notably, the uncertainties of the resonant contributions are
comparable to those of the measured cross sections, confirming an unambiguous separa-
tion between the resonant/non-resonant contributions. In the JM23 model, the resonant
amplitudes are parameterized within a unitarized Breit-Wigner Ansatz [115,143], ensuring
consistency with the general unitarity condition for resonant amplitudes. From the fit, the
resonance 7y, pN* electrocouplings, masses, and hadronic decay widths were extracted. The
resonance parameters for the selected computed cross sections were averaged, with the
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mean values treated as the extracted results and the root-mean-square deviations of the
parameters taken as their uncertainties.
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Figure 8. Fits of the nine one-fold differential 77" 7~ p electroproduction cross sections measured
with CLAS [106,107] (in black) achieved within the JM23 model [14] for W from 1.500 to 1.525 GeV
and Q? from 3.0 to 3.5 GeV2. The data point uncertainties are evaluated as a quadratic sum of the
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.

The masses, total decay widths, and partial decay widths to the A final state of the
A(1600)3/2%, obtained from independent fits of the data in three overlapping W intervals
(1.46-1.56 GeV, 1.51-1.61 GeV, and 1.56-1.66 GeV) for two Q? ranges (2.0-3.5 GeV? and
3.0-5.0 GeV?), are presented in Table 4. The extracted mass and decay widths of the
A(1600)3/2F were found to be Q%-independent within their uncertainties.

This result provides strong evidence that the A(1600)3/2" is excited in the s-channel
for virtual photon—proton interactions, supporting the presence of a quark core, as pre-
dicted by the CSM [141], and consistent with the description of this resonance in quark
models [138,144,145]. The findings from the analysis of 77~ p electroproduction are
inconsistent with the description of the A(1600)3/27 as entirely dynamically generated
by singularities in amplitudes other than resonance excitation in the s-channel [146], as
the non-resonant 7" 7t~ p electroproduction amplitudes show a pronounced dependence
on Q?, making it virtually impossible to describe the data across a broad Q? range using
Q?%-independent masses and decay widths.
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Table 4. Mass and total/partial decay widths of the A(1600)3/27 to the 7A final state determined
from the fit [14] of the 77 71~ p electroproduction cross sections [106,107] carried out independently
within two intervals in Q? and within three overlapping intervals in W. The PDG [48] parameters are
listed in the bottom row.

W Interval  Q? Interval Mass | TA BFEa
(GeV) (GeV?) (GeV) (MeV) (MeV) (%)

1.46-1.56 2.0-3.5 1.55 + 0.014 244 + 21 154 + 21 50-78
1.51-1.61 2.0-35 1.57 £ 0.018 259 + 21 169 4+ 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 4+ 0.030 249 + 37 158 + 37 42-92
1.51-1.61 3.0-5.0 1.56 4+ 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 1.50-1.64 200-300 58-82

The A(1600)3/27 contributes significantly to the 771~ p electroproduction ampli-
tudes across all three W-intervals analyzed. The non-resonant amplitudes differ among
these intervals. Consistent results for the A(1600)3/2" electrocouplings across the three W-
intervals emphasize the credibility of these extractions. The values of the electrocouplings
averaged over the three W intervals by employing the procedure described in Section
IV A of ref. [14] are shown in Figure 7 by the data points with uncertainties. Note that
the uncertainties account both for experimental data statistical and bin-by-bin systematic
uncertainties and for the uncertainties of the N* hadronic decay widths, masses, and non-
resonant amplitudes of the J]M23 model. The experimental results for the A(1600)3/2"
electrocouplings confirmed the CSM predictions made four years earlier [141]. This suc-
cess further solidifies evidence for the capability to map the momentum dependence of
the dressed quark mass using experimental results on the Q? evolution of the v,pN*
electrocouplings.

CSM analyses of experimental results on the Q? evolution of the 7, pN* electrocou-
plings, combined with data on pion and nucleon elastic form factors, have provided
overwhelming evidence for insights into the strong interaction dynamics underlying the
emergence of hadron mass. The successful description of the aforementioned observables
for meson and baryon structure, achieved using the same momentum-dependent features
of the dressed quark mass, strongly supports the CSM concept of EHM. It also provides
justification for the approximations made in relating the properties of the active degrees of
freedom in hadron structure—dressed quarks and gluons—to the QCD Lagrangian.

Currently, CSMs present the only approach that enables, within a common framework
based on the QCD Lagrangian, the interpretation of observables for both meson and
baryon structure [55,71,140,147,148]. Progress in other QFT approaches capable of relating
hadron structure observables to the QCD Lagrangian will be important for advancing our
understanding of how the dominant part of hadron mass and structure are generated by
strong interactions in the sQCD <+ pQCD transition.

Recently, preliminary results on the 7y, pN* electrocouplings of most resonances in the
third resonance region were obtained from the analysis of 711 71~ p electroproduction within
the JM23 reaction model [123]. The electrocouplings of the A(1700)3/2~, compared to those
of the A(1232)3/27, are presented in Figure 9. These two resonances are considered chiral
partners; see, e.g., the discussion in ref. [149]. In the chiral limit, their electrocouplings must
be related, as predicted by chiral symmetry for massless bare quarks. Any departure seen in
the experimental results from the expectations in the chiral limit provides valuable insights
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into the role of DCSB in the generation of N* masses and their structure. The experimental
results on the Q? evolution of the A(1223)3/2" and A(1700)3/2~ electrocouplings reveal
pronounced differences. The electroexcitation of the A(1223)3/2% is dominated by the
transverse amplitudes (A, and Aj/,) across the entire range of Q? covered by the data.
In contrast, for the A(1700)3/27, the longitudinal S; /, amplitude becomes dominant for
Q2 > 2 GeV?2, while the transverse amplitudes are nearly zero.
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Figure 9. (Top) Electrocouplings of the A(1232)3/2" obtained from the analysis of 7N electroproduc-
tion data [111]. (Bottom) Electrocouplings of the A(1700)3/2~ obtained from the 7z 7t~ p channel

(blue) in combined studies of photo- and electroproduction [121] and (black) preliminary results for
Q? from 2.0 to 5.0 GeV? [123].

CSMs express DCSB as a corollary of EHM. Future comparative CSM studies of the
electrocouplings of the A(1232)3/2" and A(1700)3/2", particularly predictions of the
A(1700)3/2~ electrocouplings for Q2 up to 5GeV?, will provide deeper insights into the
relationship between EHM and DCSB.

Quark models describe the A(1700)3/2~ as a bound system of three quarks, with
orbital momentum L = 1 as the biggest component in its wavefunction [145]. In these
quark models, this state is considered a member of the [70,17] SU(6) x O(3) supermultiplet.
CSMs predict a far richer structure [149], and the CSM predictions for the v, pN* electro-
couplings of other resonances in this supermultiplet, particularly for the N(1520)3/2~ and
N(1535)1/2~, represent an important direction for future investigations. So far, CSMs
have provided predictions for the y,pN* electrocouplings of nucleon resonances that can
be described as spin—isospin flips or first radial excitations of the quark-diquark system.
Extending CSM predictions to include the electrocouplings of resonances with quarks in
orbital excitations offers a promising opportunity to either establish the universality of the
dressed quark mass function or reveal its sensitivity to the structural environment.

5. Extending Insight into EHM from CLAS12 Experiments and Beyond

The domain of sQCD « pQCD transition was discussed in connection with
Equations (7)—(13). Therewith, it was argued that for k 2> 5mg one is working with parton-
like quarks, whose active mass can largely be attributed to Higgs boson couplings into QCD.
By contrast, on the domain k < 2my, Equation (13), quasiparticle quarks have emerged as
the dominant valence degrees of freedom. These dressed quarks carry a fully emergent
mass: M ~ 0.4GeV. The behavior and evolution of M(k) on this domain is essentially
nonperturbative; hence, it is definitive of EHM. Consequently, empirical validation of the
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EHM paradigm as the solution to the problem defined by QCD requires that a map be
drawn of M(k), from the far infrared to k ~ 5m.

Both the capability to probe specific distance scales in studies of the y,pN™* electro-
couplings and the focus of such probing are determined by Q?. Assuming roughly equal
sharing of Q? among the three dressed quarks, a notion justified by the character of bound-
state wavefunctions, the accessible range of quark momenta for mapping the dressed quark

- ¢3§2_ (19)

mass function can be estimated as

JLab 6 GeV era experiments provided Q? coverage up to 5GeV? for most excited
nucleon states with masses below 1.75GeV [13,79]. In the near future the mass coverage
will be extended up to 2.0GeV for Q? below 5GeV? [123]. The corresponding range of
quark momenta accessible from these results for mapping the dressed quark mass function
is drawn in Figure 10.
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Figure 10. Capabilities for mapping the momentum dependence of the dressed quark mass in studies
of the vy pN* electrocouplings using data from CLAS, expected results from CLAS12, and projections
for a potential CEBAF energy upgrade to 22 GeV are presented in terms of the accessible ranges of
quark momenta k.

The 7,pN* electrocouplings extracted from CLAS measurements at Q> < 5 GeV?
allow the exploration of the quark momentum range k, where less than 30% of the dressed
quark mass is generated. The portion of the emergent quark mass was evaluated as the
difference between the fully dressed quark mass and the running quark mass at the maximal
achievable value of k from Equation (19), corresponding to the maximum Q? reached in the
measurements, normalized to the fully dressed quark mass. To extend the covered range of
k, the v,pN* electrocouplings need to be obtained over a broader Q? range.

The ongoing measurements with CLAS12 [150] provide a promising opportunity to ex-
tend results on the Q? evolution of the 7,pN* electrocouplings into the hitherto unexplored
range Q > 5 GeV2. The first data on inclusive (e, ¢’X) cross sections in the resonance
region for Q% < 10 GeV? are already available from CLAS12 [151] and are presented in
Figure 11. The structures in the W dependence of the cross sections are generated by reso-
nant contributions. This is clearly illustrated in Figure 12, where the resonant contributions,
evaluated from CLAS results on the ,pN* electrocouplings [120,152], are shown. This
observation highlights the potential to determine the ,pN* electrocouplings for Q% up to
10 GeV? from measurements of exclusive meson electroproduction channels using CLAS12.
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Figure 11. Inclusive electron scattering cross sections determined from CLAS12 data in the nucleon
resonance region for Q? from 2.55 to 10.4 GeV? [151]. The statistical uncertainties are shown, but they
are smaller than the data point size for the majority of the data points. The bin-by-bin systematic
uncertainties are shown by the filled area at the bottom of each plot.

3 Q® = 2.77 GeV? 16 Q° = 3.24 GeV?
2|3 25 -~ 23 1.4 '
10 ) . teon] dlo1z2 e
o ". o o 1 oy &
O 1. * -. Thnant O . *o "c-u 2
2 ' e 8208 L
© ot T 0.4
0 . 5 :."_ o 0 2 i preves pner®
052713 1. 07213 14 15 16 17
W (GeV)
Q? Q° = 4.43 GeV?
T 0.8 5 0.4 :
23 1o
1906 o 10 0.3
£ g 0.4 P2 g g 0.2
T 0.2 T 3 0.1 e
0 .:-"_ » sepan 0 -:'... PLLLTTPPsraren T

1.2 13 14 15 16 1.7 12 13 14 15 16 1.7
W (GeV) W (GeV)
Figure 12. Inclusive electron scattering cross sections from CLAS12 data (black points) as a function
of W for selected bins in Q2 as shown. The blue points represent the computed resonant contributions
from experimental results on the resonance electrocouplings [120,152]. The shaded areas at the
bottom of each plot show the systematic uncertainties associated with the evaluation of the resonant
contributions.

CLASI12 is the only facility in the world capable of exploring exclusive meson electro-
production channels at photon virtualities reaching up to 10-12 GeV? [123,150,153]. These
are the highest photon virtualities ever achieved in the resonance region of W < 2.5 GeV.
Figure 13 presents the kinematic coverage achieved in measurements with the CLAS12
detector for several exclusive meson electroproduction channels.
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Figure 13. The kinematic coverage Q? vs. W for exclusive 7t n (left), KTY (Y=A, ¥) (center), and
7ttt p (right) electroproduction channels measured with CLAS12 [123].

From the data on 7N, KA, KX, and nt 7~ p electroproduction, the v,pN* electrocou-
plings will be determined for most excited states of the proton in the mass range up to
2.5 GeV. These electrocouplings will be obtained through independent analyses of these
exclusive channels, as well as from global multi-channel analyses using coupled-channels
approaches [117,118,129,130,154] updated for the description of exclusive electroproduc-
tion processes at Q> > 5 GeV2. Consistent results on the 7,pN* electrocouplings from
different exclusive channels and coupled-channels analyses will validate, in a nearly model-
independent way, the credible extraction of these quantities. Extending amplitude analysis
approaches to Q% up to 12GeV? is crucial for extracting reliable results on the ,pN*
electrocouplings over this range. Analysis of these results within the CSM framework
will enable the mapping of the momentum dependence of the dressed quark mass across
the range of quark momenta where approximately 50% of the emergent mass component
is generated; see Figure 10. Furthermore, the results on the 7,pN* electrocouplings for
Q? < 10 GeV? will allow us to map the range of distances where the sQCD < pQCD
transition in the QCD running coupling, «s, is expected; see Figure 1—right.

The development of the research program motivating the potential increase in CEBAF’s
energy to 22 GeV is currently underway [27]. Probing the momentum dependence of the
dressed quark mass from experimental results on the ,pN* electrocouplings represents
an important aspect of these efforts; see, e.g., ref. ([27], Section 6.5). Simulations of the N,
KA, KZ, and 7t+ 71~ p electroproduction channels for an incoming electron beam energy of
22 GeV with the configuration of the current CLAS12 detector [155] have demonstrated
the potential to extend information on the evolution of the y,pN* electrocouplings up
to Q% ~ 30 GeV?. These extractions will be feasible if the large acceptance detection of
the final-state products can also be achieved at increased luminosities, viz., as high as
5 x 10% em~2s~1. A comparison of the luminosities of current and planned facilities for
studying hadron structure in electroproduction experiments is shown in Figure 14—]left as
a correlation plot of luminosity versus W.

None of the planned facilities, except CEBAF at 22 GeV, will be capable of extending
the results on the Q? evolution of the 7,pN* electrocouplings into the Q? range from
10-30GeV?. The expected maximum luminosities for the EiC and EIcC Electron-Ion
Collider facilities in the USA and China are more than an order of magnitude below the
levels required for such extractions. Additionally, the W coverages provided by the EiC
and ElcC do not support the exploration of nucleon resonance electroexcitations.
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Figure 14. (Left) A comparison of previous, current, and planned facilities for studying hadron
structure in electroproduction, shown as a correlation plot of luminosity vs. W. (Right) Available (red
and green) and projected results (blue) on the Q2 evolution of the N (1440)1/2™ electrocouplings [27].

Only experiments with CEBAF at 22 GeV, using an electron beam on a fixed target, will
provide the necessary luminosity and W coverage—represented as CLAS22 in Figure 14—
left—for extracting the 7,pN* electrocouplings within the Q? range of 10-30 GeV2. The
available and projected results on the Q? evolution of N(1440)1/2* electrocouplings are
shown in Figure 14—right. Results of comparable quality are expected for all prominent
resonances excited off protons.

Analyzed using CSMs, these results will offer the only foreseeable opportunity to
explore the full range of distances where the dominant parts of hadron mass and N*
structures emerge from QCD. This makes CEBAF at 22 GeV unique and potentially the
ultimate QCD facility at the luminosity frontier.

6. EHM from Combined Studies of Meson and Baryon Structures

Studies of the structure of pseudoscalar mesons in concert with studies of the structure
of the ground and excited states of the nucleon are crucial for understanding EHM. The
SU(3) octet of light pseudoscalar mesons, consisting of pions, kaons, and the 7-meson,
represents the lightest bound g7 systems in Nature. Additionally, the three pions and
four kaons are the Goldstone bosons that emerge as a consequence of DCSB, viz., they are
massless in the chiral limit. (The 77-meson and its partner, ', are special because of the
non-Abelian anomaly [156,157].)

Pseudoscalar mesons are exceptionally light compared to the typical hadronic mass
scale. For instance, the pion mass is similar to that of the y-lepton, much smaller than the
mass of the p meson, and smaller than the sum of the fully dressed quark masses used in
constituent quark models by a factor of six. Any comprehensive concept of EHM must not
only describe the mass generation of baryons but also explain why pseudoscalar mesons
are so light.

Currently, CSMs represent the only QCD-connected approach capable of simultane-
ously describing both meson and baryon structures within a single unified framework;
see, e.g., refs. [55,71,140]. Combined CSM studies of pseudoscalar mesons and ground and
excited state nucleons address the following key challenges:

* A unified framework for the emergence of meson and baryon mass and structure:
Assess the feasibility of understanding EHM for both mesons and baryons in relation
to the QCD Lagrangian.

*  Small masses of pseudoscalar mesons: Explain the small masses of pseudoscalar
mesons in connection with their dual nature as g7 bound systems and as Goldstone
bosons.
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¢  Understanding DCSB: Extend insights into DCSB through studies of the dressed
quark mass function in pions, kaons, and nucleon ground and excited states.

* Interplay between Higgs-generated and emergent parts of hadron mass and struc-
ture: Elucidate the interplay between the Higgs and emergent mechanisms in hadron
mass generation and interactions.

The SM remains incomplete until verified explanations account for the emergence of
the nucleon ground and excited state masses in the 1-3 GeV range, the significantly lower
pion and kaon masses in the few hundred MeV range, and their associated phenomena.
Additionally, the modulations of these effects by interactions with the Higgs boson are
crucial to understanding the formation and evolution of our Universe.

DCSB is empirically revealed most clearly through the properties of the pion.
In fact, as discussed in ref. [35], in the chiral limit a set of Goldberger—Treiman-like
relations [33,158,159] establishes a connection between the pion’s Bethe-Salpeter amplitude
and the scalar component of the dressed quark self-energy, B(k?). The most well-known of
these relations states

frEx(k;P =0) = B(k?), (20)

where E is the leading component of the pion’s Bethe-Salpeter amplitude and f is the
leptonic decay constant of the pion. B(k?) defines the running dressed quark mass in
Equation (12) through the relation M(k?) = B(k?)Z(k?). P is the pion or the total 44 bound-
state four-momentum, and k is the relative four-momentum between the g4 and 4. This
equation holds exactly in chiral QCD and highlights the fact that the Nambu—Goldstone
theorem fundamentally expresses an equivalence between the quark one-body problem and
the two-body bound-state problem in QCD’s color-singlet, flavor-nonsinglet, pseudoscalar
channel. Consequently, and quite strikingly, the properties of the nearly massless pion are
the clearest manifestation of the mechanism responsible for (almost) all visible mass in the
Universe.

In the chiral limit, pions and kaons are massless Goldstone bosons, with identical
structure expressed through common Bethe-Salpeter amplitudes. In actuality, chiral sym-
metry is explicitly broken by quark-Higgs couplings. Therefore, studies of pion and kaon
structure in experiments with electromagnetic probes, when interpreted using CSMs, which
are capable of accounting for the interplay between the Higgs and emergent mechanisms,
offer a direct window into the dressed quark mass function, M (k?). This function can also
be independently probed through study of the ground and excited states of the nucleon. A
successful description of the elastic form factors of the pion, kaon, and nucleon, as well
as the 7,pN* electrocouplings, employing the same dressed quark mass function, M(k?),
is crucial to validating the relevance of dressed quarks with running mass as an active
component that defines hadron structure.

The dual nature of pions and kaons as g4 bound systems and Goldstone bosons is
reflected in the distinctive features of their mass budget; see Figure 15B,C. The contributions
from the emergent mass components of pions and kaons are explicitly zero in the chiral limit,
yet at empirical quark current masses, these emergent components drive their masses to
larger values through interference with the Higgs mechanism. Specifically, chiral symmetry
imposes the following relation between the current masses of the valence quarks, m? o and
the masses of the Nambu—Goldstone bosons (pions and kaons) [33,158,160]:

v mig = (m +mg)plie. (21)
where fy¢ is the meson’s leptonic decay constant, i.e., the pseudovector projection of the
meson wavefunction onto the origin in configuration space, and p%]G is its pseudoscalar
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analogue. For ground state pseudoscalar mesons, both fy¢ and P%}G are order parameters
for chiral symmetry breaking.

According to Equation (21), in the chiral limit, the masses of Goldstone bosons should
be zero. With the Goldberger—Treiman-like relations, one can construct an algebraic
proof [33,158,159] showing that at any and every order within a symmetry-preserving
truncation of the quantum field theory equations necessary to describe a pseudoscalar
bound state, there is an exact cancellation between the mass-generating effect of dressing
the valence quark and antiquark, which constitute the system, and the attractive interaction
between them:

chiral limit

dressed dressed dressed
Mquark + Mantiquark + uquark—antiquark interaction

(22)

This is the mechanism that drives the seeming “disappearance” of the scale anomaly in the
chiral-limit pion.

An analogy with quantum mechanics emerges: the mass of a QCD bound state is the
sum of the characteristic mass scales of its constituents plus (a negative, and sometimes
substantial) binding energy. The mass budgets for the pion, kaon, and proton are shown in
Figure 15.

A

proton mass budget
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= chiral limit mass = EHM+HB feedback = HB current mass
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Figure 15. Mass budgets for (A)—proton, (B)—pion, and (C)—kaon, drawn using a Poincaré-invariant
decomposition. Units: MeV; separation at the renormalization scale of { = 2 GeV—produced using
information from refs. [48,161-163].

There are crucial differences in the mass budgets of the pion, kaon, and proton. The
proton’s mass remains large even in the chiral limit, i.e., even in the absence of Higgs boson
(HB) couplings within QCD. This non-zero chiral-limit component reflects the contribution
of emergent hadron mass in the SM. Indications are that the same is also qualitatively true
for nucleon resonances.

When Higgs couplings for quarks inside the ground and excited proton states are
considered, two additional contributions appear, as illustrated in Figure 15A. Here, the gray
wedge represents the sum of the valence quark current masses, which contribute only ~1%
to the total mass of the proton and N*s. This wedge marks the sole Higgs-only component
of a hadron’s mass. The remaining slice (orange) represents the mass fraction generated
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by constructive interference between EHM and HB effects. This contribution is largely
determined by the in-proton expectation value of the chiral condensate operator [164-166]:

(p(P)draslp(P)), (23)

which accounts for approximately 5% of the proton and N* masses. It is entirely distinct
from the HB-only contribution.

Conversely, and still as a consequence of EHM via its DCSB corollary, the pion and
kaon remain massless in the chiral limit. As the SM Nambu-Goldstone
modes [5,160,167,168], their masses vanish due to the precise cancellation between the
emergent components of the g and § masses and the attractive interaction between them;
see Equation (22).

Probing the momentum dependence of the dressed quark mass, as seen in the struc-
tural observables of pions, kaons, and ground and excited state nucleons, allows us to
explore EHM in different environments. Studies of pion and kaon structure provide valu-
able insights into the interplay between the Higgs and emergent contributions to hadron
mass generation and, given Equation (20), EHM itself via studies of pseudoscalar meson
elastic electromagnetic form factors. Complementary studies are enabled by investigations
of the nucleon elastic form factors and ,pN* electrocouplings as a function of Q%, which
enable one to map the emergent contribution to the dressed quark and baryon masses and
their environmental dependence.

Consistent results for the dressed quark mass function from independent studies
of nucleon ground and excited states, as well as pion and kaon structure, will reinforce
our understanding of the momentum dependence of the dressed quark mass in a nearly
model-independent way. Furthermore, they will deepen our insight into EHM and its
connection to DCSB. Connections to confinement can be drawn via fragmentation functions,
predictions for which are becoming available [169,170].

CSM predictions for the Q? evolution of the 7+ and K* electromagnetic form fac-
tors [11] in comparison with the available experimental results are shown in Figure 16 (top
row). The CSM predictions were obtained within a unified framework for the description
of meson and baryon structure, which exploits insights into QCD’s Schwinger functions
drawn from studies of QCD’s Dyson-Schwinger equations. An excellent description of
all available experimental data for the 71" electromagnetic form factor [171-173] has been
achieved, with a x2/d.p. = 1.0 [11] (see Figure 16, top row, left panel). However, the large
uncertainties in the experimental results for the K™ electromagnetic form factor [174-177]
(Figure 16, top row, right panel) hinder a conclusive assessment of the consistency between
these data and CSM predictions.

Studies of Sullivan processes in 12 GeV era experiments in Halls A and C at
JLab [178,179] will enable the extension of our understanding of the Q? evolution of the
7t and K™ elastic electromagnetic form factors for Q> < 6 GeV?. The projected accuracy
of these measurements as a function of Q? is indicated by the brown diamonds in Fig-
ure 16 (bottom row). The 7t* form factor is expected to be determined with an accuracy
comparable to the uncertainties of currently available results [172,173]. For the K™ form
factor, the anticipated uncertainties will be significantly reduced, enabling a meaningful
comparison with CSM predictions. The results for the 71 elastic form factor from Sullivan
process studies at the EIC [180,181] will extend the Q? coverage up to 35GeV?, allowing a
detailed exploration of the full range of distances, where the emergent part of the dressed
quark mass is generated in the pseudoscalar meson sector. Confirming the momentum
dependence of the dressed quark mass through baryon structure studies is essential to
establishing the relevance of dressed quarks with dynamically generated masses as an
active component in hadron structure.
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Figure 16. (Left-top) CSM predictions for the 7t1 [171-173] and (right-top) K™ elastic electromagnetic
form factors [174-176] in comparison with experimental results [182]. The projected results for 12
GeV era experiments in Halls A/C at JLab for the 7" and K form factors [183] are shown by the
brown diamonds in the (left-bottom) and (right-bottom) graphs, respectively. The black crosses

in the bottom left graph represent the projections for the results expected from the Electron—Ton
Collider [180,181].

Available experimental results for the ratio of the proton electric-to-magnetic form
factors, y,Ge(Q*)/Gm(Q?), are shown in Figure 17—left in comparison with the CSM
predictions [184]. The CSM evaluations of the form factor ratio were obtained with the
same momentum dependence of the dressed quark mass, as used in the evaluations of the
YopN* electrocouplings discussed in Section 4.2. A good description of the experimental
results has been achieved across the entire Q? range where measurements are available.
This success further solidifies the previously established evidence available from the studies
of the y,pN* electrocouplings for insights into the dressed quark mass function within
the range of distances where emergent mass is the dominant determining characteristic of
dressed valence quarks with a baryon.

The 12 GeV era experiments with the Super Bigbite Spectrometer (SBS) at JLab [185]
will significantly extend the Q? range of measurements of nucleon elastic form factors.
The SBS offers a unique opportunity to explore exclusive electroproduction reactions,
including cross section measurements and the polarization of reaction products, at the
highest luminosities ever achieved—up to 10%® cm~2s~! within a small acceptance (solid
angle of msr). These measurements, which are already in progress [186], will provide
valuable information on nucleon electromagnetic form factors for Q* < 15 GeV2. The
expected accuracy of these results is shown in Figure 17.

CSMs predicted the presence of a zero crossing [184] in the Q? evolution of the ratio
upGe/G M(QZ) at around 10 GeVZ2. That study used the same dressed quark mass function
employed in the evaluations of the electrocouplings of the A(1223)3/2*, N(1440)1/27, and
A(1600)3/27. Such CSM calculations have demonstrated that the location of the zero at a
specific Q? is related to the rate of sQCD <+ pQCD transition, as reflected in the momentum
dependence of the dressed quark mass [133,187]. Contemporary CSM analyses, which
deliver a single-framework unification of pseudoscalar meson and nucleon properties, have
confirmed the earlier results [55,140].
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Figure 17. Ratios of Sachs form factors, 11, GE(Q?)/Gh,(Q?), for the proton. (Left) CSM prediction in
ref. [184] compared with data (brown up-triangles [188]; green squares [189]; blue circles [190]; black
down-triangles [191]; and cyan diamonds [192]). (Right) Available results for experiments of 12 GeV
era in Hall A/C at JLab for u pGE (Q%)/ G]’\]A(Qz) (also referred to as GEp/SBS) from refs. [127]. In the
left panel, the 1¢ uncertainty associated with the CSM algorithm for reaching large Q? is shaded in
light blue.

Recent extrapolations of experimental data on the y,Gg /Gy (Q?) ratio, performed
using the Slessinger Point Method (SPM) [193], suggest that, with 50% confidence, the
zero crossing is located at Q%> < 10.4 GeV2. The confidence level increases to 99.9% for
Q? < 13.1 GeV?. Alternatively, the likelihood that the existing data are consistent with the
absence of a zero within Q% < 14.5 GeV? is only 10~°.

The range Q? < 15 GeV? accessible in the 12 GeV era experiments will enable the
localization of the zero of the y,Gg/ Gum(Q?) ratio in the Q? evolution and allow the
determination of the transition rate from the sQCD to the pQCD regime directly from
the experimental data. Confirming this transition rate through independent studies of
the pion and kaon electromagnetic form factors, as well as the y,pN* electrocouplings of
different nucleon resonances, is crucial to strengthening the evidence for insights into the
momentum dependence of the dressed quark mass.

7. Conclusions and Outlook

Nucleons and their excited state resonances represent the most fundamental three-
body systems in Nature. If we do not fully understand how the prominent states in hadron
spectra emerge from QCD, then our comprehension of strong interaction dynamics and
its evolution with distance is incomplete. Studies of both meson and baryon structure
address key unresolved problems in the SM, including the emergence of hadron mass
and the origin of hadron structure in relation to the roles of DCSB and quark and gluon
confinement [4-11].

The concept of EHM, developed using CSMs, currently provides the only available ap-
proach that enables insight into the dynamics of hadron mass generation from experimental
data on hadron structure observables. It does so within a unified theoretical framework
that is applicable to both mesons and baryons. Extending this framework through comple-
mentary approaches that connect to the QCD Lagrangian—as, e.g., with IQCD—is highly
desirable so that we may deepen our understanding of hadron mass and structure.

High-quality meson electroproduction data from the 6 GeV era with CLAS have en-
abled the determination of the electrocouplings for most N* states in the mass range up
to 1.8 GeV for photon virtualities Q? < 5 GeV? [9]. In the coming years, the electrocou-
plings of the most prominent resonances up to 2 GeV are expected to become available for
Q? < 5GeV2.

A good description of the A(1232)3/2% and N(1440)1/2% electrocouplings for
Q? < 5GeV?, achieved using CSMs in studies that employ a common dressed quark
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mass function, developed via analyses of the QCD Lagrangian, validated by the successful
descriptions of pion and nucleon elastic electromagnetic form factors, provides strong
evidence of meaningful insight into the momentum dependence of the dressed quark mass.
Moreover, the 2019 CSM prediction for the Q? evolution of the A(1600)3 /2" electrocou-
plings has been confirmed by the first experimental results obtained in 2023 [14], further
solidifying evidence for insight into EHM through the study of the 7y, pN* electrocouplings.
Preliminary empirical results on the A(1700)3/2~ electrocouplings have also recently be-
come available [123]. Comparative studies of the electrocouplings of the chiral partners
A(1232)3/2" and A(1700)3/2~ now offer a promising opportunity to explore EHM in
connection with DCSB.

Global CSM analyses of the y,pN* electrocouplings for N* states with masses up to 2 GeV
and photon virtualities Q> < 5 GeV?, along with studies of the structure of the ground-state
nucleon, pion, and kaon, are essential for understanding EHM [5,8,9,11]. Investigations of the
structure of both the ground and excited nucleon states, along with the structure of pseudoscalar
mesons, provide complementary perspectives on hadron mass generation. The elastic form
factors and parton distribution functions of pseudoscalar mesons are particularly sensitive
to the interplay between the Higgs mechanism and emergent mass generation dynamics.
Likewise, with strong complementarity, studies of ground and excited state nucleon structure
probe the emergent component of hadron mass. Comprehensive analyses that combine
experimental results on pseudoscalar meson structure from Sullivan processes at JLab and
Drell-Yan processes at COMPASS and AMBER@CERN, with the extensive data on nucleon
structure already available—and anticipated from ongoing 12 GeV experiments at JLab—are
crucial for advancing our understanding of EHM.

The kinematic coverage of the 6 GeV era experiments at JLab enables the exploration of
the distance (momentum) range where up to 30% of the dressed quark mass is expected to
be contained. With the ongoing experiments of the 12 GeV era at JLab, CLAS12 is currently
the only facility in the world capable of extracting the electrocouplings of all prominent
N* states in the still-unexplored Q? range from 5 to 10 GeV?, through measurements of the
N, tt 7~ p, N, KA, and KX exclusive electroproduction channels. These measurements
will allow for detailed mapping of the dressed quark mass function at quark momenta
corresponding to the region where approximately 50% of the emergent mass is localized.

Following a possible energy upgrade of CEBAF to 22 GeV, and with the capability to
perform exclusive meson electroproduction measurements at luminosities in the range of
5 x 10%® cm 2571, we will be able to map the full range of distances over which almost
100% of mass and structure emerge [27]. In particular, this upgrade will make it possible to
extend experimental access to the Q2 evolution of the 7, pN* electrocouplings for prominent
nucleon resonances, covering a Q2 range up to 30 GeV2. These measurements will allow
for detailed insight into the evolution of the dressed quark mass over the complete distance
scale where the emergent component of hadron mass is generated and the transition to
pQCD has been completed.

It is worth stressing that such studies will not be feasible at any other facility foreseen
in the world—including the Electron—Ion Colliders (EIC in the U.S. and EicC in China)—
owing to limitations of more than an order of magnitude lower luminosity than needed
to explore nucleon resonance electroexcitations for Q? < 30 GeV? and restricted coverage
in the accessible invariant mass W of the final hadronic system, which is far above the
resonance excitation region; see Figure 14. From this perspective, a CEBAF energy upgrade
to 22 GeV could be seen as delivering the ultimate QCD facility at the luminosity frontier.

Forging synergistic efforts between experiment, phenomenology, and QCD-based
hadron structure theory is essential for addressing the key open problems in the SM that
were outlined above. The success of the CSM framework in advancing our understanding of
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hadron mass and structure generation both invites and paves the way for broader theoretical
efforts. These efforts will be critical in supporting the interpretation of experimental
results on hadron structure, helping to resolve long-standing challenges within the SM
and potentially offering insights into the deeper complexity of Nature that lies beyond its
current boundaries.
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Abbreviations

The following abbreviations are used in this manuscript:

CEBAF Continuous Electron Beam Accelerator Facility at Jefferson Lab
CERN European Organization for Nuclear Research

CLAS CEBAF Large Acceptance Spectrometer

CLAS12 CEBAF Large Acceptance Spectrometer for use at 12 GeV
M Center-of-mass frame

CSM(s) Continuum Schwinger function method(s)

DCSB Dynamical chiral symmetry breaking

d.p. Data point

EHM Emergence of hadron mass

ElcC Electron Ion Collider in China

EIC Electron Ion Collider at Brookhaven National Laboratory
EMT Energy-Momentum Tensor

HB Higgs boson

JLab Thomas Jefferson National Accelerator Facility—]Jefferson Laboratory
M JLab-Moscow data-driven reaction model

1QCD Lattice Quantum Chromodynamics

PDG Particle Data Group

PI (charge) Process-independent (charge)

pQCD Perturbative Quantum Chromodynamics

QCD Quantum chromodynamics

QED Quantum electrodynamics

QFT Quantum field theory

RGI Renormalization group-invariant

RL Rainbow ladder
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SAID Partial Wave Analysis Facility at George Washington University
SBS Super Bigbite Spectrometer at Jefferson Lab

SCI Symmetry-preserving contact interaction

SM Standard Model of nuclear and particle physics

SPM Schlessinger Point Method

sQCD Strongly coupled QCD
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