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The N(1440)1/2+ nucleon resonance, first identified in 1964 by Roper
and collaborators in analyses of πN hadroproduction data, has continued to
provide pivotal insights that serve to advance our understanding of nucleon
excited states. In this contribution, we present results from studies of the
structure of the Roper resonance based on exclusive πN and π+π−p electro-
production data measured with the CLAS detector at Jefferson Lab. These
analyses have revealed the Roper resonance as a complex interplay between
an inner core of three dressed quarks and an external meson–baryon cloud.
Analyses of the CLAS results on the evolution of the Roper resonance elec-
troexcitation amplitudes with photon virtuality Q2, within the framework
of the Continuum Schwinger Method, have conclusively demonstrated the
capability to gain insight into the strong interaction dynamics responsi-
ble for generating more than 98% of hadron mass. Further extension of
such studies to higher Q2, through experiments currently underway with
the CLAS12 detector and in the future with a potential CEBAF energy
upgrade to 22 GeV, offers the only foreseeable opportunity to explore the
full range of distances where the dominant portion of hadron mass and
resonance structure emerge.
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1. Introduction

Since its discovery in the mid-1960s, the N(1440)1/2+ (Roper) reso-
nance, identified in analyses of πN scattering data led by L.D. Roper [1, 2],
has served to provide essential insights into the dynamics of the strong inter-
action in the regime where the QCD running coupling constant αs becomes
comparable to unity. This so-called strong-QCD (sQCD) regime underlies
the emergence of the nucleon resonance (N∗) spectrum and the structure of
these excited states.

(2-A5.1)
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The Roper resonance exhibits several distinctive features:

— It is the first excited state of the nucleon with spin-parity JP = 1/2+.
Its Breit–Wigner mass of 1.44 GeV is notably lower than that of the
N(1535)1/2− chiral partner of the nucleon.

— The ≈ 350 MeV decay width of theN(1440)1/2+ is substantially larger
than that of other N∗ states in the mass range up to 1.55 GeV, which
are typically below 180 MeV.

The mass ordering between the N(1440)1/2+ and N(1535)1/2− has long
posed a challenge for constituent quark models (CQMs). These models in-
corporate interactions between quarks that are responsible for three-quark
(3q) configuration mixing that typically originates from effective gluon ex-
change. In CQMs, the predicted mass of the chiral partner of the ground-
state nucleon with JP = 1/2− is smaller than that of the first excited state
with JP = 1/2+, which is interpreted as the first radial excitation of the
3q system. This result holds across a variety of confining potentials [3], as
well as in relativistic [4–6] and effective field theory quark models [7]. This
prediction, however, stands in stark contrast to the experimentally observed
mass ordering between the N(1440)1/2+ and N(1535)1/2− [8].

By introducing a more sophisticated interaction responsible for 3q con-
figuration mixing — specifically, a combination of effective gluon-exchange
and flavor-dependent terms — a significantly improved description of the
N∗ spectrum has been achieved. This approach successfully reproduces
the experimentally observed ordering of the N(1440)1/2+ and N(1535)1/2−

within both the CQM [3] and effective field theory models [9].
The octet of pseudoscalar mesons represents the Goldstone bosons asso-

ciated with chiral symmetry breaking. The advancements in theory noted
earlier highlight the critical importance of properly accounting for chiral
symmetry breaking in describing the N∗ spectrum. The QCD-based frame-
work for dynamical chiral symmetry breaking (DCSB) has been developed
over the past decade within the Continuum Schwinger Method (CSM) ap-
proach [10–12].

Another peculiar feature of the N(1440)1/2+ that has attracted atten-
tion for several decades is its large decay width. Early analyses of πN scat-
tering data [13] revealed an intricate structure of the partial waves in which
the Roper resonance is formed, showing the presence of two poles in the com-
plex energy plane. This observation has been confirmed in numerous subse-
quent studies [8, 14], including global multi-channel analyses of πN scatter-
ing and photoproduction data within coupled-channel approaches [15–17].
However, the splitting between the two poles is too small to account for
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its Breit–Wigner decay width. Such a large decay width strongly suggests a
significant coupling to the final state meson–baryon channels and emphasizes
the important role of coupled-channel effects in describing the Roper.

Detailed studies of the N(1440)1/2+ have been carried out through
global coupled-channel analyses of πN scattering and photoproduction data
by the Argonne–Osaka group [16, 17]. It was found that the two poles as-
sociated with the Roper originate from a common bare pole located on the
real energy axis at a mass of 1.763 GeV. As the hadronic couplings of this
bare state are increased toward the values determined from data fits, the
single bare pole on the real axis evolves into three poles in the complex
energy plane. Two of these poles move downward across the real energy
axis, thereby generating the shift of the dressed Roper mass towards that
observed in experiments.

The mass of the N(1440)1/2+ has also been computed within the CSM
framework as a bound state of three dressed quarks. This approach provides
a direct connection to the QCD Lagrangian, since both the dressed-quark
mass function (or propagator) and the qq interaction amplitudes are deduced
as solutions of the QCD equations of motion for the quark and gluon fields
at distance scales where the transition from perturbative to strongly cou-
pled QCD occurs [11, 18]. The CSM prediction for the N(1440)1/2+ mass,
1.73 GeV, is remarkably close to the bare mass deduced from the Argonne–
Osaka coupled-channel analysis. Furthermore, the CSM results identify the
N(1440)1/2+ as the first radial excitation of dressed quarks, consistent with
expectations from CQMs.

At present, the CSM accounts only for the contribution of the quark core
to the resonance structure. Therefore, the close agreement between the CSM
and coupled-channel analysis results strongly suggests that the structure of
the N(1440)1/2+ arises from the interplay between an inner core of three
dressed quarks and an external meson–baryon cloud. The meson–baryon
interactions within this cloud are responsible for shifting the bare core mass
downward toward the experimentally observed value [11].

The lattice QCD (LQCD) results on the mass and structure of the Roper
resonance remain a subject of debate. In LQCD evaluations [19, 20], the
N(1440)1/2+ is treated as a 3q state that can couple to 5q configurations
to account for meson–baryon dressing through channels such as πN , ηN ,
and others. The computations of the nucleon and the N(1440)1/2+ masses
were performed for a pion mass of 330 MeV. After chiral extrapolation to
the physical pion mass, this approach successfully reproduced the experi-
mentally observed Roper mass and resolved the long-standing problem of
the mass ordering between the N(1440)1/2+ and N(1535)1/2−. Owing to
its chiral symmetry properties and its pattern for chiral symmetry breaking,
this approach provides a natural explanation for the correct reproduction of
the Roper mass [11, 19].
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More recently, the nature of the Roper has been investigated by com-
bining LQCD results with the Hamiltonian Effective Field Theory (HEFT)
framework [21]. In this approach, the πN scattering amplitudes are derived
from an effective meson–baryon Hamiltonian that incorporates the nucleon,
the N(1440)1/2+, and two-body meson–baryon channels such as πN , ηN ,
π∆, and σN . The HEFT amplitudes were simultaneously fit to the πN
scattering data and to the energy levels predicted by LQCD within a box
of finite size. These studies concluded that the Roper can be understood
predominantly as a dynamically generated state, with only a negligible con-
tribution from the 3q core.

To distinguish between the different theoretical interpretations of the
Roper resonance, studies of the N∗ masses alone are insufficient. As em-
phasized in the review of Ref. [11], “Critical additional tests are imposed by
requiring that the theoretical picture combine a prediction of the Roper’s
mass with detailed descriptions of its structure and how that structure is
revealed in the momentum dependence of the proton-Roper transition form
factors.” Experimental measurements with the CLAS detector at Jefferson
Lab (JLab) have provided results on the electroexcitation amplitudes of the
Roper [22–25], enabling detailed exploration of its internal structure and the
evolution of its active structural components across different distance scales.

2. Roper studies in electroproduction experiments with CLAS

Studies of exclusive meson electroproduction in the resonance region, car-
ried out during the 6 GeV era with the CLAS detector, have provided the
dominant part of the world’s data on the most exclusive meson electropro-
duction channels [26]. For the first time, an extensive body of information
— comprising ≈ 150, 000 data points on differential cross sections and polar-
ization asymmetries — has become available over the W range from the pion
threshold up to about 2 GeV for Q2 from the photon point up to 5 GeV2.
The measured observables cover nearly the full angular range for final-state
hadron emission in the center-of-mass frame. The numerical results for all
measured observables are stored in the CLAS Physics Database [27, 28].

Analysis of these experimental results within reaction models made it
possible to determine the N∗ electroexcitation amplitudes — referred to as
the γvpN∗ electrocouplings, as defined in Ref. [29] — for most excited nu-
cleon states with masses up to 1.75 GeV for Q2 up to 5 GeV2. The numerical
results for these extracted electrocouplings are available online [30, 31], as
well as in Ref. [32]. The first results on the N∗ electrocouplings from global
multi-channel analyses of meson photo-, electro-, and hadroproduction by
the groups from Jülich–Bonn–Washington [33] and Argonne–Osaka [16, 34]
have become available.
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2.1. Roper structure from πN and π+π−p electroproduction data

The γvpN∗ electrocouplings of the N(1440)1/2+ have been determined
from independent analyses of the two major meson electroproduction chan-
nels in the resonance region: πN [22, 29] and π+π−p [24, 25]. These results
for the N(1440)1/2+ are shown in Fig. 1.

Fig. 1. The γvpN∗ electrocouplings for the N(1440)1/2+ obtained from indepen-
dent studies of πN (red circles) [22, 29] and π+π−p (green triangles and magenta
diamonds) [24, 25] electroproduction off protons. The photocouplings (in blue) are
taken from Refs. [8, 35].

The electrocouplings of the Roper have been determined with good ac-
curacy over the broad range of Q2 from 0–5.0 GeV2. The consistent results
obtained from the independent analyses of the two major meson electropro-
duction channels with different non-resonant contributions provide strong
evidence for the reliability of their extraction. A good description of the
electrocouplings of the N(1440)1/2+ has been achieved within the CSM
framework [18] for Q2 > 2 GeV2. The CSM predictions are compared with
the CLAS results for the A1/2 electrocouplings in Fig. 2.

The masses and wavefunctions of the nucleon ground state and the
N(1440)1/2+ are obtained as solutions of the Faddeev equations for a system
of three dressed quarks in the quark–diquark approximation [18, 38, 39]. The
basic building blocks of the Faddeev equation — the dressed-quark propa-
gators and the amplitudes of qq correlations — are derived in connection
with the QCD Lagrangian. In contrast to the static qq correlations used in
CQMs, the diquarks in the CSM framework are fully dynamical objects that
continuously interact with the third quark, forming new correlated qq pairs,
as illustrated in Fig. 3.
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Fig. 2. Comparison of the A1/2 electrocouplings of the N(1440)1/2+ (see Fig. 1
for details) to the computation from CSM [18] (black solid line). The descriptions
achieved within light-front quark models are also shown that (i) implement a phe-
nomenological momentum-dependent dressed quark mass [36] (black dashed line)
and (ii) account for both an inner core of three constituent quarks and an external
meson–baryon cloud [37] (blue dashed line).

Fig. 3. Faddeev equation for computation of the masses and wavefunctions of the
quark core of the ground and excited states of the nucleon. The kernel for the
matrix-valued integral equations is represented by the blue area.

The masses of the nucleon and its excited states with given spin-parity
have been obtained as poles in the corresponding JP partial waves of the
Faddeev amplitude for the three dressed quarks, from the solutions of the
Faddeev equations shown in Fig. 3. The wavefunctions of the nucleon
ground and excited states were extracted from the residues of the Faddeev
amplitudes at the pole positions. A zero crossing observed in the Cheby-
shev moments of the components of the N(1440)1/2+ Faddeev amplitudes
demonstrates that the quark core of this resonance corresponds to a sys-
tem of a dressed quark-bystander in its first radial excitation relative to the
qq-correlated pair [11].



Roper Resonance Structure and Exploration of Emergent Hadron . . . 2-A5.7

The γvpN
∗ electrocouplings are evaluated by considering the virtual-

photon interaction with the electromagnetic currents of the dressed quark–
diquark system, including transitions between diquarks of identical or differ-
ent spin-parities. The calculations also account for the virtual-photon inter-
action at the vertex describing diquark decay and recombination into or from
an uncorrelated quark pair, represented by the blue-shaded area in Fig. 3.

At present, the CSM accounts only for the contribution of the quark
core to the N∗ structure. The successful description of the N(1440)1/2+

electrocouplings achieved within the CSM for Q2 > 2 GeV2 suggests that,
at the corresponding distance scales, the quark core provides the dominant
contribution to the structure of the Roper.

Within the light-front quark model [36, 40], the N(1440)1/2+ is treated
as a bound system of three constituent quarks in their first radial excitation.
The parameterized momentum dependence of the constituent quark mass
is introduced to reproduce the experimental data on the nucleon elastic
form factors. While this phenomenological momentum dependence cannot
be connected to QCD, nevertheless using the same momentum-dependent
quark mass, the model has achieved a reasonable description of the γvpN∗

electrocouplings for all N∗ states with masses up to 1.6 GeV.
As shown in Fig. 2, both the CSM and the light-front quark model pro-

vide a good description of the N(1440)1/2+ electrocouplings for Q2 from
2–5 GeV2. This agreement demonstrates that for Q2 > 2 GeV2, the quark
core is the dominant contributor to the structure of the N(1440)1/2+. How-
ever, both the CSM [18] and the light-front quark model of Ref. [36] fail to
reproduce the experimental results for the N(1440)1/2+ electrocouplings at
Q2 < 1 GeV2. This discrepancy indicates the presence of additional con-
tributions to the resonance structure that become important at distance
scales comparable to the baryon size. These contributions originate from
the meson–baryon cloud.

The light-front quark model of Ref. [37], which incorporates both the
quark core and meson–baryon cloud components in the N(1440)1/2+ struc-
ture, provides a much improved description of the data at Q2 < 1 GeV2,
while maintaining a reasonable agreement at higher Q2. This result explains
the success of models that include only meson–baryon degrees of freedom in
describing theN(1440)1/2+ electrocouplings at low photon virtualities [41–43].

Analysis of the CLAS results on the Q2 evolution of the Roper elec-
trocouplings has revealed that its structure arises from a complex interplay
between an inner core of three dressed quarks in the first radial excitation
and an external meson–baryon cloud. At distance scales comparable to the
hadron size, corresponding to Q2 < 1 GeV2, the meson–baryon cloud plays
a significant role in the resonance structure. At higher photon virtualities,
Q2 > 2 GeV2, the virtual photons penetrate the meson–baryon cloud and
interact predominantly with the inner core of three dressed quarks.
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2.2. Further evidence for quark core contributions to roper structure

In the extraction of the resonance parameters from the π+π−p electropro-
duction data [23–25], we simultaneously varied the γvpN∗ electrocouplings
of the nucleon resonances, their masses, total decay widths (Γtot), and par-
tial decay widths to the π∆ and ρp final states. These parameters were fit to
nine one-fold differential π+π−p electroproduction cross sections in each (W ,
Q2) bin covered in the analyses, using the JLab–Moscow State University
JM23 reaction model [23, 25, 44, 45].

The resonance parameters determined from the data fits include the
electrocouplings, the partial decay widths into π∆ and ρp, and the total
decay widths. For each (W , Q2) bin, these quantities were obtained as
averages from the set of fits selected according to specific limits on the
reduced χ2. These criteria were chosen to ensure that the fitted π+π−p
differential cross sections remained within the experimental uncertainties
for most of the measured data points.

The total experimental uncertainties were evaluated as the quadratic
sum of the statistical and kinematic-dependent systematic uncertainties.
The mean values for the resonance parameters selected in the data fits were
treated as the experimentally extracted values. The root-mean-square dis-
persions of the resonance parameters across the selected fits were taken as
their respective uncertainties. The N(1440)1/2+ mass, along with its total
and partial decay widths to the π∆ and ρp final states, as determined from
the fits to the π+π−p electroproduction data, are listed in Table 1.

Table 1. Masses and total/partial hadronic decay widths of the N(1440)1/2+ into
the π∆ and ρp final states, determined from fits to the π+π−p electroproduction
cross sections performed independently in different Q2 intervals. The results from
Ref. [23] are shown in the last two rows, while those in the upper rows are taken
from previous studies [24, 25] of π+π−p electroproduction.

Q2 Interval Mass Γtot Γπ∆ BFπ∆ Γρp BFρp

[GeV2] [GeV] [MeV] [MeV] % [MeV] %
0.25–0.60 1.458±0.012 363±39 142±48 23–58 6±4 <2
0.5–1.5 1.450±0.011 352±37 120±41 20–52 5±2 <2
2.0–3.5 1.457±0.008 331±54 129±52 20–65 6±2 1.1–2.6
3.0–5.0 1.446±0.013 352±33 151±32 31–57 5±1 1.2–2.0

The extracted parameters have become available from independent data
fits within the Q2 intervals listed in the left column of Table 1. Over the
broad range of Q2 up to 5 GeV2, a successful description of the data has been
achieved using Q2-independent masses, and total- and partial-decay widths
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of the N(1440)1/2+. This result suggests that the N(1440)1/2+ is excited in
the s-channel through the γvp interaction, as for s-channel resonances, the
electroexcitation and hadronic decay amplitudes into different final states
are independent.

Analyses of the CLAS meson electroproduction data have shown that
resonances excited in the s-channel possess a quark core. Therefore, the
observed Q2-independent mass, total, and partial decay widths of the Roper
resonance, as deduced from the π+π−p electroproduction data, provides ad-
ditional evidence that the structure of this state originates from the interplay
between an inner core of three dressed quarks and an external meson–baryon
cloud.

The results from studies of the N(1440)1/2+ structure based on analyses
of meson electroproduction data with CLAS support the predictions of the
CSM [18] and the CQMs [36, 37], while showing tension with results obtained
from the combined HEFT and LQCD approach [21], which suggests that
the Roper is dynamically generated through processes other than s-channel
resonance excitation. However, the analysis of Ref. [21] imposes a constraint
that the mass of the three-quark state with JP = 1/2+ lies above 2 GeV.

It therefore cannot be excluded that a molecular-type meson–baryon
state may exist in place of the N(1440)1/2+, as proposed in Ref. [46], or
that this state contains a significant 5q configuration component [47]. In
either case, this state would still be excited in the s-channel of the γvp
interaction, and its hadronic decay widths would remain Q2-independent.

To discriminate among these alternative interpretations of the Roper,
it is essential to obtain theoretical predictions for the Q2 evolution of its
electrocouplings and to confront them directly with the results extracted
from meson electroproduction data analyses.

3. Roper electroexcitation and emergence of hadron mass

The emergence of hadron mass (EHM) remains one of the most pro-
found and unresolved problems within the Standard Model (SM). The issue
becomes evident when comparing the measured masses of the proton and
neutron with the sum of the masses of their partonic quark constituents. In
the SM, the renormalization group-invariant (RGI) current masses of quarks
are generated through the Higgs mechanism [48, 49], a process confirmed by
the discovery of the Higgs boson at CERN [50, 51]. This mechanism is
responsible for generating the Lagrangian masses of the most fundamental
constituents of matter known to date — quarks and leptons.

However, the Higgs mechanism contributes negligibly to the generation
of nucleon and nucleon-excited-state (N∗) masses. Protons and neutrons
are bound states composed of three light quarks, uud and udd, respectively.
The sum of the Higgs-generated current masses of these quarks accounts for
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less than 2% of the observed nucleon mass. The comparison summarized in
Table 2 employs the quark current masses from the Particle Data Group [8]
evaluated at the renormalization scale ζ = 2.0 GeV. This comparison makes
it evident that the dominant share of the nucleon mass arises from mecha-
nisms other than those associated with the Higgs field.

Table 2. Comparison between the measured masses of the proton and neutron
and the sum of the current quark masses of their three u and d valence quark
constituents [8]. Current quark masses are listed at a scale of 2 GeV, but the com-
parison remains practically unchanged if renormalization group-invariant (RGI)
current masses are used.

Proton Neutron

Measured mass [MeV]
938.2720813 939.5654133

± 0.0000058 ± 0.0000058

Sum of the current quark masses [MeV] 8.09+1.45
−0.65 11.50+1.45

−0.60

Contribution of the current
<1.1 <1.4

quark masses to MN [%]

Substantial progress has been achieved over the past decade toward un-
derstanding EHM within the framework of CSM. The concept that more
than 98% of the hadron mass arises dynamically through EHM is strongly
supported by experimental studies of hadron structure in both the meson
and baryon sectors, including the ground and excited states of the nu-
cleon [10, 12, 52, 53]. At present, the CSM provides the only QCD-connected
approach capable of predicting the Q2 evolution of nucleon resonance elec-
troexcitation amplitudes within the same theoretical framework that suc-
cessfully describes the properties of a broad range of hadrons, including
Nature’s most fundamental Nambu–Goldstone bosons. The development of
other nonperturbative theoretical approaches to QCD capable of delivering
a comparable array of results is still eagerly awaited.

Within the CSM, it has been demonstrated that the dominant part of
the masses of both the ground and excited states of the nucleon is generated
by strong QCD interactions in the transition region between perturbative
QCD (pQCD) and sQCD. In this domain, the QCD running coupling αs/π
evolves from small values characteristic of the pQCD regime to values of
order unity in the sQCD regime. At the distance scales corresponding to
this transition, the effective degrees of freedom-dressed quarks and dressed
gluons-emerge as the building blocks of hadronic matter.
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Dressed gluons, owing to the self-interaction terms encoded in the QCD
Lagrangian, acquire a momentum-(or distance-)dependent emergent mass.
The running gluon mass arises from initially massless QCD gluons through
the transverse part of the dressed-gluon polarization tensor via the so-called
Schwinger mechanism [12, 60, 61], which preserves gauge invariance. The
momentum dependence of the dressed-gluon mass, computed from the QCD
Lagrangian as a solution of the QCD equations of motion for the quark and
gluon fields, is shown in Fig. 4 (left). The blue-shaded band in the figure
indicates the uncertainties associated with the CSM evaluation.

Fig. 4. Left: CSM predictions for the momentum (k =
√
k2) dependence of the

dressed gluon (solid blue curve) and quark (dot-dashed green) mass functions in
the chiral limit [54–56]. For the quark, the associated band expresses existing un-
certainties in the CSM predictions. Right: CSM prediction [57] for the momentum
dependence of the process-independent QCD running coupling, α̂(k) (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. (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].)

There are essential differences in the evolution of the running dressed-
gluon mass across the pQCD (k > 2.0 GeV), sQCD (k < 0.5 GeV), and
transition (0.5 GeV < k < 2.0 GeV) domains. In this transition region,
the running gluon mass increases rapidly as k decreases, reaching values of
approximately 0.4 GeV and thereby establishing the characteristic hadron
mass scale. In contrast, within both the pQCD and sQCD regimes, the
running gluon mass is nearly independent of k.

The momentum-dependent dressed-gluon mass determines the behavior
of the QCD running coupling α̂(k), shown in Fig. 4 (right). This coupling
was evaluated using a momentum-subtraction renormalization scheme, such
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that the RGI scale is ΛQCD = 0.52 GeV for nf = 4. A remarkable feature is
observed in Fig. 4 (right): while the pQCD running coupling exhibits a Lan-
dau pole-diverging at ΛQCD, regardless of the loop order in the calculation
(see discussion in Ref. [59]) — α̂(k), computed within CSM is a smooth, fi-
nite function for all k2 ≥ 0. The emergence of a dynamical gluon mass scale
removes the Landau pole, highlighting the central role of EHM in generating
a well-defined, infrared-finite QCD coupling [10, 12].

When the QCD running coupling αs/π becomes comparable to unity, the
energy stored in the dressed gluon fields is converted into the momentum-
dependent mass of dressed quarks. The corresponding dressed-quark mass
function, computed from QCD within the CSM framework [12, 54], is shown
in Fig. 4 (left). The green-shaded band represents the uncertainty associated
with the CSM evaluation. The mass of a bare quark increases rapidly with
distance in the pQCD ↔ sQCD transition region, eventually reaching values
comparable to the hadronic mass scale defined by the running gluon mass
in the infrared.

The strong interaction among three dressed quarks gives rise to both the
ground state and the spectrum of excited nucleon states within the mass
range from 1 GeV to 2.5 GeV. This range is consistent with the hadron mass
scale of fully dressed quarks of around 0.4 GeV (see Fig. 4). The three pillars
of EHM revealed within the CSM framework — (a) the running dressed-
gluon mass, (b) the QCD running coupling αs, and (c) the running mass
of dressed quarks — collectively account for the generation of more than
98% of the hadron mass. The emergent hadron mass is produced entirely
through strong interaction dynamics encoded in the QCD Lagrangian, which
governs the transformation of the fundamental QCD degrees of freedom into
the effective degrees of freedom in the transition towards the sQCD regime,
namely, dressed quarks and gluons. Consequently, there is no need for any
additional fields, such as the Higgs field, to explain the origin of the dominant
portion of hadron mass.

Within the framework of CSMs, nucleon resonance electroexcitation is
described by an electromagnetic-current-conserving set of diagrams [11, 18,
38, 39, 62], partially illustrated in Fig. 5. These diagrams represent the
dominant contributions to the resonance electroexcitation amplitudes, while
the complete gauge-invariant set of transition amplitudes can be found in
Ref. [39], Fig. C1. The amplitudes that describe the interaction of real
or virtual photons with dressed quarks and diquark correlations are directly
sensitive to the dressed-quark propagators. The mass function of the dressed
quark constitutes a key element of the propagator. Consequently, studying
the Q2 evolution of the γvpN∗ electrocouplings provides a powerful means
to map the momentum dependence of the dressed-quark mass. Achieving a
successful description of the electroexcitation amplitudes of various nucleon
excited states using a common dressed-quark mass function — computed
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within the CSM directly from the QCD Lagrangian — would offer nearly
model-independent evidence for insight into the momentum dependence of
the dressed-quark mass.

Fig. 5. CSM description of resonance electroexcitation amplitudes [11, 18, 38, 39,
62]. All diagrams describe the transition p → dressed quark plus interacting di-
quark correlations → N∗. The Faddeev amplitudes for the transitions between
dressed quark+diquark configurations and the ground or excited states of the nu-
cleon correspond to the proton, ψp, or N∗, ψN∗ , wavefunctions, respectively.

To elucidate the impact of the running quark mass, the CSM predictions
for the Roper resonance electrocouplings were obtained using two differ-
ent forms of the qq interaction: (a) a simplified, momentum-independent
qq contact interaction [63, 64], and (b) Schwinger functions that express a
momentum dependence consistent with a qq interaction derived from the
QCD Lagrangian [18, 39]. In the simplified case (a), the interaction ker-
nel for the gap equation is treated within the rainbow-ladder (RL) trun-
cation, which represents the leading-order term in a symmetry-preserving
and systematically improvable approximation scheme [75, 76]. Using this
simplified qq interaction — also referred to as the symmetry-preserving
contact-interaction (SCI) approximation — yields a momentum-independent
dressed-quark mass M ≈ 0.35 GeV, consistent with the infrared behavior
of the running quark mass displayed in Fig. 4 (left). The SCI predictions
for the A1/2 electrocoupling of the N(1440)1/2+ are shown as red dashed
curves in Fig. 6 [63, 64]. As seen in Fig. 6 (top right), apart from repro-
ducing the zero crossing in the correct region, the SCI fails to describe the
N(1440)1/2+ electrocouplings across the entire range of Q2 covered by the
measurements.

In contrast, approach (b) — built upon the dressed quark mass function
that encodes the momentum dependence generated by QCD’s qq interac-
tion [18, 39] — yields the solid blue curves in Fig. 6 (top row) for both the
Roper and ∆(1232)3/2+. In this case, the electroexcitation amplitudes of
both resonances are well described over the entire range of Q2 where the
quark-core contributions are expected to dominate. The experiment–theory
comparisons for the N∗ electroexcitation amplitudes in Fig. 6 (top row) pro-
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Fig. 6. Top left: Description of the N → ∆ magnetic transition form factor
normalized to the dipole fit G∗

M/3GD with GD(Q
2) = (1 + Q2/0.71GeV2)−2.

Top right: Description of the N(1440)1/2+ A1/2 electrocoupling achieved us-
ing CSMs [18, 39, 63]. Results obtained with a momentum-independent (frozen)
dressed quark mass [63, 64] (dotted red curves) are compared with QCD-kindred
results (solid blue curves) obtained with a momentum-dependent quark mass func-
tion of the type drawn in Fig. 4 [18, 39]. The data were taken from Refs. [22, 65, 66]
for πN and Refs. [23, 24, 67] for π+π−p. The photocouplings for the N(1440)1/2+

are from the PDG [8] and Ref. [35], blue square and triangle, respectively. The
approximate range of Q2 where the contributions from the meson–baryon cloud
remain substantial are highlighted in gray. Bottom left: A successful description
of the pion elastic form factor [68–70] (uncertainties of the data anticipated from
the 12 GeV era experiments are shown by the yellow bars). Bottom right: The
ratio of the proton electric-to-magnetic form factors, µpGE(Q

2)/GM(Q2) [70–73]
has been achieved within the CSM framework [74] using the same dressed-quark
mass function that successfully describes both the pion elastic and the N → N∗

transition form factors/electrocouplings.
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vide compelling evidence that the mass of dressed quarks runs with distance.
Additional support for the role of constituent quarks with running masses as
the active structural degrees of freedom in N∗ states has been obtained from
quark-model analyses of γvpN∗ electrocouplings [36, 40, 77]. Significantly,
within CSM, the successful simultaneous description of the JLab data on the
∆(1232)3/2+ and N(1440)1/2+ electroexcitation amplitudes was achieved
using the same dressed-quark mass function that also reproduces the pion
and nucleon elastic electromagnetic form factors [78, 79], as shown in Fig. 6
(bottom row).

Consistent results for the dressed-quark mass function, obtained from in-
dependent studies of the pion and ground-state nucleon structure, as well as
from the γvpN∗ electroexcitation amplitudes of states with different struc-
tures — namely, the spin–isospin flip in the ∆(1232)3/2+ and the first
radial excitation of dressed quarks in the N(1440)1/2+ — provide com-
pelling evidence for the existence of dynamically generated dressed quarks
with running masses. These quarks emerge as the active constituents in the
structure of pions, kaons, ground-state nucleons, and the ∆(1232)3/2+ and
N(1440)1/2+. This success further demonstrates the capability of mapping
the RGI dressed-quark mass function directly from the experimental data
on the Q2 evolution of the N∗ electroexcitation amplitudes when analyzed
within the framework of CSMs.

Empirical validation of the EHM paradigm as the mechanism through
which QCD generates the dominant part of hadron mass requires a quanti-
tative map of the dressed-quark mass function M(k), spanning from the far
infrared to the momentum domain where pQCD becomes applicable. As-
suming an approximately equal sharing of the photon virtuality Q2 among
the three dressed quarks — a reasonable approximation supported by the
properties of baryon bound-state wavefunctions — the typical quark momen-
tum accessible in resonance electroexcitation experiments can be estimated
as k ≈

√
Q2/3. The CLAS experiments of the 6 GeV era provided cover-

age up to Q2 = 5 GeV2 for most excited nucleon states with masses below
1.75 GeV [26, 81]. In the near future, this coverage will be extended to
include resonances with masses up to 2.0 GeV for Q2 < 5 GeV2 [82]. The
corresponding range of quark momenta accessible for mapping the dressed-
quark mass function from these results is illustrated in Fig. 7.

The kinematic coverage achieved in the 6 GeV era experiments at JLab
enables the exploration of the distance (momentum) domain where up to
≈ 30% of the dressed-quark mass is generated. With the ongoing experi-
ments in the 12 GeV era, the CLAS12 detector now provides the only facility
capable of determining the electrocouplings of all prominent N∗ states in
the previously unexplored range of photon virtualities, 5 < Q2 < 10 GeV2.
These measurements, performed across multiple exclusive meson electropro-
duction channels — πN , π+π−p, ηN , KΛ, and KΣ — will enable a detailed
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mapping of the dressed-quark mass function at quark momenta correspond-
ing to the region where roughly 50% of the emergent hadron mass is gener-
ated.

Fig. 7. Capabilities for mapping the momentum dependence of the dressed-quark
mass in studies of the γvpN∗ 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.

Following a potential energy upgrade of CEBAF to 22 GeV, combined
with the capability to perform exclusive meson electroproduction measure-
ments at luminosities approaching 5 × 1035 cm−2s−1, it will become possi-
ble to map the entire range of distance scales over which nearly 100% of
hadron mass and structure emerge [80]. In particular, this upgrade will en-
able experimental access to the Q2 evolution of the γvpN∗ electrocouplings
for the most prominent nucleon resonances, extending the coverage up to
Q2 ≈ 30 GeV2. The projected precision of the anticipated measurements
for the A1/2 electrocoupling of the Roper resonance is illustrated in Fig. 8
(right). These studies will provide unprecedented insight into the evolution
of the dressed-quark mass across the full range of distance scales, encompass-
ing the region where the emergent component of hadron mass is generated
and culminating in the domain where the transition to pQCD is complete.

It is important to emphasize that such studies will not be feasible at any
other existing or planned facility — including the future electron–ion collid-
ers (EIC in the U.S. and EicC in China) — due to their luminosities being
more than an order of magnitude lower than required to explore nucleon res-
onance electroexcitations for Q2 < 30 GeV2. Furthermore, their kinematic
reach in the invariant mass W of the final state hadronic system is largely
confined to regions well above the resonance domain, as illustrated in Fig. 8
(left). From this perspective, a CEBAF energy upgrade to 22 GeV would
establish the ultimate QCD facility at the luminosity frontier, uniquely ca-
pable of mapping the emergence of hadron mass and structure from strong
QCD dynamics.
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Fig. 8. Left: A comparison of previous, current, and planned facilities for studying
hadron structure in electroproduction, shown as a correlation plot of luminosity
versus W . Right: Available (red and green) and projected results (blue) on the Q2

evolution of the N(1440)1/2+ electrocouplings [80].

4. Conclusion and outlook

Nucleons and their resonances are the most fundamental three-body
bound systems in Nature. A complete understanding of how QCD gen-
erates these states is therefore essential for establishing a full description of
the sQCD regime. Studies of the Roper resonance structure in the 6 GeV
era experiments with the CLAS detector have significantly advanced our
understanding of the sQCD dynamics underlying the formation of N∗ states
as bound systems of quarks and gluons. Analyses of the Q2 evolution of
the Roper electroexcitation amplitudes, extracted independently from the
πN and π+π−p data measured with CLAS, have revealed its structure as
a complex interplay between an inner core of three dressed quarks and an
external meson–baryon cloud. At distance scales comparable to the hadron
size (Q2 < 1 GeV2), the meson–baryon degrees of freedom play an impor-
tant role. With increasing Q2, a gradual transition occurs toward quark-core
dominance, and for Q2 > 2 GeV2, in the case of the Roper, virtual photons
penetrate the meson–baryon cloud and interact primarily with the three
dressed quarks forming the resonance core.

A successful description of the electrocouplings of the Roper resonance
for Q2 > 2 GeV2 has been achieved within the CSM framework by em-
ploying the same dressed-quark mass function that reproduces the pion and
nucleon elastic form factors, as well as the electroexcitation amplitudes of the
∆(1232)3/2+ [39] and ∆(1600)3/2+ [23]. This consistency strongly suggests
that the dressed quark with a dynamically generated, renormalization-group-
invariant, momentum-dependent mass — deduced within CSM directly from
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the QCD Lagrangian — serves as the active structural degree of freedom in
the pion, in the ground-state nucleon, and in the excited nucleon states.
Consequently, these findings provide compelling experimental support for
the momentum dependence of the dressed-quark mass deduced within CSM
and demonstrate the capability of mapping the dressed-quark mass function
from the results on the Q2-evolution of the γvpN∗ electrocouplings.

The kinematic reach of the CLAS detector up to Q2 < 5.0 GeV2 has
enabled mapping of the momentum dependence of the dressed-quark mass
over a limited distance range where ≈ 30% of the hadron mass is generated.
CLAS12 is currently the only facility capable of extending exclusive meson
electroproduction measurements in the resonance region into the higher Q2

range of 5–10 GeV2. The forthcoming results on the Roper resonance elec-
trocouplings from CLAS12 will make it possible to explore the behavior of
the dressed-quark mass function in the distance domain where about 50% of
the hadron mass emerges. A future 22 GeV upgrade of CEBAF, operating
with CLAS12, will enable determination of the γvpN∗ electrocouplings for
Q2 < 30 GeV2 [80], providing the only foreseeable opportunity to explore the
entire range of distances where hadron mass and N∗ structure emerge from
QCD. This capability will make CEBAF@22 GeV unique and the ultimate
QCD facility at the luminosity frontier.
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