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The properties of the Roper resonance N (1440)1/2% are reviewed. Quark
models have long struggled to reproduce its mass relative to its negative-
parity partner N(1535)1/27. This discrepancy motivated interpretations
of the Roper as a dynamically generated meson-baryon state. Including
its isospin partners A(1600)3/2% and A(1700)3/2~ further accentuates the
tension between quark-model predictions and experiment. Recent develop-
ments based on AdS/QCD and functional methods achieve much improved
agreement, identifying the Roper as an ordinary three-quark excitation.
Electroproduction experiments at Jefferson Lab have now resolved this
long-standing question, revealing the Roper as a qqgq core dressed by a
substantial meson cloud. The Roper resonance belongs to a family of four
N* states with J© = 1/2; the highest-mass member, N (2100)1/2%, likely
represents a Roper-like excitation in the fourth shell.
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1. Introduction

The Roper resonance — what a name for a particle! It is the only known
resonance named after its discoverer. Why is it important? The resonance is
frequently and extensively discussed in the literature, yet it is comparatively
rarely cited: 189 articles include the name “Roper” in their title, but only
40 of them cite David’s original paper'. “The Roper” seems to have become
as established a term as “the proton”. In both cases, there appears to be no
need to cite the discoverer. But what makes N (1440)1/2" so special?
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In 1964, when David published his celebrated paper [1], baryon spec-
troscopy was still in its infancy. More than a decade earlier, Enrico Fermi
had used a 7" meson beam scattering off protons in a hydrogen target |2].
The cross section showed a sharp rise from the pion-production threshold
up to about 1200 MeV — a strong indication of the first baryon resonance,
now known as A(1232)3/2%. The pion beam energy at that time, however,
was insufficient to reveal the full resonance profile.

In the following years, a few other resonances were discovered. Each
appeared as a distinct peak in the cross section and exhibited characteris-
tic features in the observables that revealed their spin and parity. David’s
resonance was different. He wrote: “The resonance suggested in this pa-
per, however, is not associated with conspicuous features in the observables
measured so far and has been inferred from a more quantitative analysis”.
David’s work marked the beginning of a new era: the identification of res-
onances not through visible peaks, but through quantitative analyses. It
became clear that resonances should not be defined merely by peaks in in-
variant mass spectra, but rather by studying the analytic behavior of com-
plex scattering amplitudes.

The original motivation for David’s study of /N interactions was to
confirm a Pj; structure observed by Feld and Layson at a mass of about
1690 MeV in the AK invariant mass [3]. These authors found that the AK
peak was compatible with N scattering amplitudes. The AK structure
may well correspond to what we now identify as N(1710)1/2%.

Later, David’s surprising result — that the P;; wave of the m/V scatter-
ing amplitude resonates at a mass as low as 1440 MeV — posed a serious
challenge to the theoretical models that were subsequently developed. The
low mass could not be easily explained within quark models and sparked a
long-standing debate about its nature, see also [4].

At the heart of this debate lies a fundamental question: What is a res-
onance? Formally, we define resonances as poles in the complex scattering
plane. But what physical mechanisms give rise to them? Are they gener-
ated by internal quark dynamics? Are all resonances of this kind? Or are
some driven by molecular-type meson—baryon forces — perhaps all of them?
Could every resonance be understood as a hadronic molecule?

2. Properties of the Roper resonance

The Roper resonance, or N(1440)l/2% as it is known today, has been
studied in numerous experiments, often yielding partly inconsistent results.
Figure 1 shows the distribution of measured masses as reported in the Re-
view of Particle Physics (RPP) [5]. Each entry is represented by a box
whose width corresponds to the quoted uncertainty and whose height is
proportional to the inverse of that uncertainty.



The Roper Resonance and Kin 2-A4.3

0.84 (6M)~1 [MeV—!] |

0.65

0.45 [

0.25 _
003 T
1.35 1.40 1.45 1.50 M [GeV]

Fig.1. Breit-Wigner masses from all entries in the RPP [5]. The box widths
give the uncertainty, the height is inversely proportional to the uncertainty. The
data are from Refs. [6-14] (low mass) and [14-16] (high mass). See the text for a
discussion.

The measurements cluster into two distinct groups: a high-mass cluster,
primarily originating from data published before 2010, and a low-mass clus-
ter, reported mostly after that year. Only Hohler |6, 17| and Cutkosky [7]
had already reported low Roper masses at an early stage.

In determining the properties of the Roper resonance, results from pub-
lications reporting high Roper masses are excluded. However, all results
listed in the RPP are included here, regardless of whether they were used in
the averaging procedure.

Tables 1 and 2 summarize the properties defined at the pole and in

Breit—-Wigner (BW) parameterizations: pole positions, helicity amplitudes
at the pole, BW masses and widths, and BW helicity amplitudes.
The reported values, e.g. for the pole mass, are statistically inconsistent.
Most publications quote only statistical uncertainties, while systematic shifts
in the mass can arise from various sources: amplitudes that do not fully sat-
isfy theoretical constraints such as unitarity, analyticity, or crossing symme-
try; incomplete inclusion or insufficient experimental constraints on allowed
decay modes; or limitations in the model space, such as the number of reso-
nances included across partial waves. These factors can all have a significant
impact on the extracted results. We therefore estimate the overall uncer-
tainty from the statistical spread of the published values.

The penultimate line lists the range of values defined by the PDG, while
the final line gives the mean value and its associated uncertainty.

Most observables are consistently described with reasonably small uncer-
tainties, with the notable exception of the N (1440)1/2t — Np branching ra-
tio. This quantity depends critically on the precise definition of the ratio [18].
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Table 1. Properties of the Roper resonance at the pole: mass, widths, the elas-
tic pole residue rexpid (r in MeV, ¢ in degree), and helicity amplitudes (in
10~3 GeV~"?). The last two rows give the ranges suggested by the Particle Data
Group and our mean values and their uncertainties.

Mpole Thole 7] v, Alfozle phase Ref.
13663 192+4 —6046 —(30£7)° [12]
137445 215420 | 58423 —(65+11)° [19]
135341 20342 | 5941 —(1044£2)° | —90+7  —(30£3)° | [20]

1360 186 | 49+3 1]
137044 19047 JE5 (232100 | [21]
136043 18945 | 4943  —(8243)° | —44+5  —(40£8)° | [10]

1355 215 62 —98° —60 —23° [22]
136343 180+6 50+2 —(88+2)° [23]
1375430 180+40 | 524+5 —(100£35)° [7]

1385 164 40 6, 17]

1360-1380 180-205 | 50-60 [5]
1367+10 191+16 | 52+7  —(90+15)° | —65+19 —(33+9)° mean

Table 2. Breit-Wigner properties of the Roper resonance: masses, widths (in
MeV), helicity amplitudes N(1440)1/2* — py (in 1073 GeV~"?), and branching
ratios. The decay into Np can proceed with angular momentum [ = 0 and p and
nucleon spins add to S = 1/2, or with [ = 2,5 = 3/2. Helicity amplitudes for
N(1440)1/2" — ny are given in italic.

Mpw I'sw ABW Nm  Am Npg Npa Nfp(500)| Ref.
1410410 290430 | —76+8 1547 944 944 1545 | [12]
141744 257+11 | —91+7 | 5942 2244 1.3+0.4 1643 | [11]
1430410 360430 | —6146 | 63+£2 2047 1546 | [10]
141242 24845 ~84+3 | 8541 741 1.340.4 271 | [9]
1439419 4374151 62+4 8]
1440430  340+70 6844 [7]
1410412 135+10 5145 [6]
1410-1470 250-450 | —80 to —50 | 55-75 [5]
1423413 295496 | —78£13 |65+£10 1647 1847 |mean
AP 1440 s |13¢12 [11]‘55&:’7[21]‘4&:4 [24]\35 to 55 [5] 38:|:22‘mean
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The partial decay width for the S-wave decay is given by
9%
Io(s) = == po(s), (1)

where s (sp) is the squared invariant mass (at the resonance mass), p(s) =
2p/(16m4/5s) is the two-body phase space with p the decay momentum, and
go is a a coupling constant. For the D-wave decay, this term is multiplied by
a centrifugal barrier factor. Conventionally, the branching ratio is defined at
the nominal mass of the resonance, with BRg = I'y(sg)/Itot, and the partial
width I'h(sg) = 0 due to the vanishing phase space.

However, the high-mass tail of the N(1440)1/2" resonance can decay
into IV p, particularly into the low-mass tail of p mesons. This effect can be
properly accounted for by integrating Eq. (1) over the mass distributions of
both the parent and daughter resonances.

3. Interpretations of the Roper resonance

The Roper resonance is the lowest-mass state with the quantum numbers
of the nucleon. Only a few years after its discovery, it had already become the
subject of considerable controversy. In Ref. [25], the Roper resonance was
interpreted as primarily an N f5(500) ? self-consistent bound state, consistent
with the bootstrap picture of hadron resonances. In Ref. [26], N (1440)1/2"
was instead proposed to be the first radial excitation of the nucleon.

Since then, these two competing interpretations — whether the Roper
resonance is a dynamically generated state or an ordinary three-quark exci-
tation — have accompanied its study and shaped the ongoing discussion of
its nature [27].

In the first consistent quark-model calculation of the baryon resonance
spectrum, Isgur and Karl assumed a linear confining potential, combined
with an effective one-gluon exchange [28, 29]. A large number of alternative
models were subsequently developed. One serious problem soon emerged:
as a three-quark state, the Roper resonance — belonging to the second
excitation shell — appeared with a lower mass than N (1535)1/27, which
belongs to the first excitation shell. This inversion is difficult to explain.

In Fig. 2, the experimental masses of the Roper resonance and its nearby
negative-parity partner, N(1535)1/27, are compared with theoretical predic-
tions. Model parameters are often tuned to reproduce the experimental
values; therefore, we also compare the corresponding pair of resonances in
the A sector: A(1600)3/2T, the first radial excitation of A(1232)3/2%, and
A(1700)3/27, the first orbital excitation with J = 3/2.

2 Referred to as So with a mass of 700 MeV.
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Fig.2. Comparison of calculated masses of spin-1/2 nucleon and spin-3/2 A res-
onances with RPP values (shown by boxes). The models are characterized by
their interaction: Omne-gluon exchange (OGE) [30], Goldstone-boson exchange
(GBE) [31], instanton-induced interactions (I.II.) without [32] or with addi-
tional Goldstone-boson exchange [33], the hypercentral constituent-quark model
(HQM) [34], diquark (DQ) models [35, 36], the algebraic model (AM) [37], a holo-
graphic model [38], an empirical mass formula (MF) [39], and functional methods
(FM) [40]. The three latter models are compared to the pole masses.

In most dynamical models, the mass ordering My (1440)1/2+ > M (1535)1/2—
is obtained, contrary to experiment. In those cases where the ordering is cor-
rect, Mag6o0ys/at > Ma(1700)3/2-» the predicted A(1600)3/2F mass is usually
considerably too high. Reasonable agreement with the data is achieved only
in Refs. [37, 39] and [38, 40]. The latter two are QCD-based approaches
starting from quarks with (nearly) vanishing current masses.

These two QCD-based models are conceptually very different. Reference
[38] employs light-front holographic QCD, exploiting the correspondence be-
tween gravity in anti-de Sitter (AdS) space and a conformal field theory.
Reference [40], by contrast, uses functional methods derived from the path
integral formalism, converting classical equations of motion (Klein—Gordon,
Dirac, and Maxwell equations) into their quantum counterparts such as the
Dyson—Schwinger equations. Both approaches are firmly grounded in QCD.
Their results demonstrate that the low mass of the Roper resonance should
no longer be regarded as an unresolved problem.
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The difficulties of early models in reproducing the low masses of the
Roper and A(1600)3/2" resonances led to interpretations of N (1440)1/2%
beyond the traditional quark model. In the bag model, the Roper may
represent a collective vibration of the bag surface. Indeed, within the Skyrme
model — where baryons appear as topological solitons of non-linear meson
fields — a resonance was found in the breathing mode at M = 1420 MeV [41].
Alternatively, the Roper could have a large gluonic component [42], denoted
qqqg. Such “hybrid” states were two decades later predicted by the lattice
QCD, although at significantly higher masses [43].

The authors of [44] investigated the Roper resonance within a coupled-
channel meson-exchange model including A(1232)7, Np, and N fy(500) chan-
nels. They found that the Roper resonance can be described purely by
meson—baryon dynamics — without the need to introduce an explicit three-
quark core — to reproduce w/N phase shifts and inelasticities. The resonance
thus emerges dynamically. These results were confirmed in Refs. [45, 46],
where both N(1440)1/2" and A(1600)3/2" were dynamically generated with-
out requiring genuine three-quark components. Similarly, Ref. [47] identifies
the Roper as a dynamically generated state with negligible contributions
from bare states, while Ref. [48] finds that the dominant contributions to
A(1600)3/27" arise from strong rescattering in the 7N and wA(1232) chan-
nels, interpreting A(1600)3/2" as a dynamically generated resonance.

The internal structure of the Roper resonance — whether it is a three-
quark state, a hybrid, or a meson—baryon molecule — cannot be inferred
from its mass alone. Its true nature can only be determined through elec-
troproduction experiments spanning a wide range of momentum transfers.

4. Electroproduction of the Roper resonance

We first briefly discuss how meson electroproduction contributes to elu-
cidating the nature of the excited states. The virtual (spacelike) photon
exchanged between the scattered electron and the target nucleon has a finite
lifetime and, correspondingly, probes the nucleon’s interior within a limited
spatial domain. The higher the photon virtuality @2, the shorter its lifetime,
and the finer the spatial resolution that can be achieved.

Excitation of the ground-state nucleon through electron scattering in the
s-channel provides a powerful means of investigating the structural proper-
ties of the excited states. The Roper resonance, as the lowest-mass nu-
cleon resonance, exhibits many features — such as structural complexity
— comparable to those of higher-mass resonances, and may thus serve as
a representative example of the latter.
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In the following, we employ the Q?-dependence of the excitation strength
as a tool to disentangle the various contributions to the resonance strength
and to identify the respective roles of the quark core and meson—baryon
components. The Roper resonance, as a state with spin-parity JZ = /o
and isospin 1/2, can be studied most effectively on a proton target in the
ep — e/mn reaction. The kinematics for single 7+ production are shown
in Fig. 3. The unpolarized differential cross section has four terms, or five

Virtual
y-ray

Incoming

/ Electron

Scattered Electron

Neutron

Fig. 3. Kinematics of m+ electroproduction off protons in the laboratory system.

if the beam electrons are spin polarized. These terms relate to the trans-
verse photon absorption cross section o, the longitudinal photon absorption
cross section oy,, and the transverse—transverse interference terms o7, and
transverse—longitudinal term oTr,. Measurement of all these cross sections
in large acceptance detectors such as the CLAS at Jefferson Lab enables
a detailed breakdown of the different electromagnetic contributions into the
various partial wave elements underlying the production process. In the
case of Roper-like resonances, the magnetic M;_ and the scalar S;_ are
the relevant contributions leading to real and imaginary parts of the ampli-
tude. The magnetic transition amplitude M;_ is shown in Fig. 4 for two
values of Q% = 0 and Q? = 2 GeV?, and as a function of the invariant mass
W = M(nz™").

It shows that the resonance character of the Roper N(1440)1/2" is more
prominently visible at high @? in both the real and imaginary parts of the
amplitude in comparison with the situation at Q2 = 0. The resonance
position is clearly seen in the peak of the imaginary parts M;_ at both
values of Q2. However, at Q2 = 0, the real part clearly shows stronger and
more extended contributions, which are not seen at the higher Q? value.
This indicates the effects of more complex and extended contributions of
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Fig. 4. Magnetic transition multipole M;_ of the proton to Roper resonance tran-
sition versus W. The red lines represent the imaginary part of M;_, the blue
lines the real part, using two different analysis techniques; left: Q2 = 0, right:
Q? =2 GeV2.

meson—baryon both in the imaginary, but especially in the real part of the
M, _, while at high Q?, the coupling is consistent with a well-localized and
spatially compact three-quark core.

Although the partial-wave analysis clearly shows the sign change and
the strong excitation of the Roper resonance at the real-photon point and
at high @2, a separation of the resonant and non-resonant contributions
is required in order to compare the data with theoretical predictions and
advanced quark-based models that do not include meson—baryon effects. The
procedure used to separate the resonant parts of the magnetic and scalar
transition multipoles M7 and S;_ and to relate them to the amplitudes
Ayjp and S )9 is described in detail in [49, 50].

In Fig. 5, Ay and Sy /5 are displayed as functions of Q?, where Ao
represents the transition strength of the transverse virtual photon and Sy /5
that of the scalar (or longitudinal) virtual photon. Applying the Siegert
theorem [51] in the long-wavelength limit leads to the constraint S; 5 = 0
at Cjz = 0, corresponding to the time-like region (Q? < 0). This partly
explains the steep drop of the S}/, amplitude near the real-photon point.

The Q? dependence of the A, /2 amplitude is particularly interesting. It
starts at a large negative value near the real-photon point (Q? = 0) and
rises steeply with increasing @2, changing sign near Q% ~ 0.5 GeV2. A
sign change in a transition amplitude (or transition form factor) is often
associated with a node in the corresponding radial wave function and can
therefore be interpreted as a first indication of the radial structure of the
Roper resonance. We also note that this sign change in the A, /5 amplitude is
predicted by both theoretical approaches considered — the Dyson—Schwinger
equation (DSE) framework and the light-front relativistic quark model (LF
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Fig.5. Left: The v*p — N(1440) helicity transition amplitude A; /. Right: Sy /5.
Both amplitudes are in units of 1073 GeV~!/2. The solid red curves are from
a light-front relativistic quark model [52] and the black dashed curves are DSE
results [53]. The green triangles and the blue full circle markers are data from
the CLAS Collaboration [49, 54, 55]. The red circle at the very small @Q? value is
from [56]. See also the text for details.

RQM). Both calculations are based on the underlying quark structure of the
resonance and are expected to reproduce the region Q% > 1-2 GeV?, while
the low-Q? domain, where meson-baryon contributions are significant, can
only be described qualitatively within such models.

This is indeed observed: in both theoretical approaches, the node occurs
at smaller values of Q2 than in the data. This discrepancy is not unexpected,
as the strong meson—baryon components in the Roper’s wave function at low
@2, which are not included in these models, are likely to affect the dynamics
of the resonance transition.

Following the sign change, the transverse amplitude reaches a maximum
positive value near Q% ~ 1.5 GeV?, before gradually decreasing at higher
@Q?. In this kinematic region, good agreement is observed between both the-
oretical predictions and the data. The meson—baryon contributions diminish
rapidly above Q% > 2 GeV?, as indicated by the shaded areas in Fig. 5.

For the scalar (longitudinal) transition amplitude S5, a different and
simpler trend is seen. Except for the very small Q? range discussed above,
the amplitude decreases smoothly with increasing Q? and agrees with the
LF RQM predictions for Q? > 1.5 GeV?, consistent with the behavior of
Ay/z. In contrast, the DSE approach predicts a significantly steeper falloff

with Q? than is observed in the data.
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4.1. Comparison of the Roper N(1440)1/2" with N(1535)1/2~

The N(1535)1/27 resonance in the quark model is the first orbital exci-
tation of the proton with one of the three quarks in an orbital state with
L, = 1 and negative parity. In the quark model, this state is thus the par-
ity partner to the nucleon. Furthermore, similar to the Roper resonance, it
is also considered a dominantly dynamically generated resonance [57] or as
a meson—baryon molecule [58, 59]. Fortunately, there are data available at
Jefferson Lab, both from CLAS in Hall B and from Hall C, that extend over
the largest range in Q2 available for any excited baryon resonance. These
results are shown in Fig. 6. Both quark-based approaches show excellent
agreement with the data at Q% > 1-2 GeV? and confirm the presence of
a strong quark core as probed in electroproduction at the shorter distance
scales. The attempt to describe the transition amplitude solely within a
dynamically generated resonance models (DGR), underestimates the reso-
nance strength even at the lowest Q? where dynamical processes may make
significant contributions, and drops much more rapidly with Q2 than the
data, as expected for meson—baryon resonance contributions with a mini-
mum of five quarks involved in the interaction compared to the minimum of
the three quarks at the core of the quark model.

125 |

MI535)1/2 A,

100
75
50

25

MB contributions

-25 @ Nt CLAS
——-—- DGR ® pn CLAS
50 — LFROM A pn HallC
b T e LC SR (LO) s CLAS
e I A LC SR (NLO) A RPP
0 1 2 3 t‘t 5 6 ‘ 7 8 9
Q* (GeV?)

Fig.6. Transition amplitude A,/ of N(1535)1/27. The theory curves are from the
LF RQM [52] (solid red line), and the light-cone sum rule (dotted lines) [60] (LC
SR) QCD approach. The dashed lines represent a dynamically generated resonance
model [57].
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Such data-based observations have contributed to today’s prevailing view
that the Roper resonance as well as N* and A* resonances in the mass range
below W ~ 1.8 GeV, all contain a three-quark core that defines the charac-
teristics of the resonance at all length scales, and meson—baryon components
involving five or more quarks. The latter component occupies distances close
to the periphery of the excited state, while the former provides the quark
core at distances close to the center.

4.2. Structure of the Roper resonance from lattice QCD

The structure of the N(1440)1/2™ resonance, as represented by the tran-
sition form factors F; and F3, has also been investigated in lattice QCD
simulations, albeit at relatively large pion masses from 390 to 875 MeV [61].
The results are shown in Fig. 7. In kinematics where the simulation overlaps
with the data, for the lowest pion mass, one sees an agreement of the lattice
calculations with the experimental results.

R e I e o e e I
I 1 o4k -

AR 1 -02[

1 -04f
-0,1§A'"""""'""""""""' I B B U B
0.5 0 0.5 1.0 1.5 2.0 2.5 0 0.5 1.0 1.5 2.0 25

Q?[GeV?] Q?[GeV?]

Fig.7. Roper resonance transition form factor. Left: Fj(t), right: Fs(¢). The
open circles are the CLAS data. The other (colored) symbols represent LQCD
data. Lattice results are for pion masses 390 MeV (red squares), 450 MeV (orange
triangles), and 875 MeV (green pentagons).

5. Higher-mass scalar excitations of the nucleon

In quark models, baryons are described as systems of three constituent
quarks, each with spin 1/2. The total baryonic wave function must be anti-
symmetric with respect to the exchange of any two quarks. The color wave
function is completely antisymmetric (A), while the combined space—spin—
flavor wave function is symmetric (5).
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If the three quarks have identical masses, their spin—flavor wave functions
obey SU(6) symmetry. The flavor wave functions of the nucleon and its
excitations are characterized by isospin I = 1/2 and exhibit mixed symmetry
(Tmg,m,)- The spin wave function x can also have mixed symmetry (X arg, 11,
for spin S = 1/2) or be symmetric (xg for S = 3/2).

The spin—flavor wave functions can therefore assume the configurations
28[56], 28[70], *8[70], and 28[20], where the [56]-plet is fully symmetric, the
[70]-plets have mixed symmetry, and the [20]-plet is fully antisymmetric.

The spatial dynamics of the three quarks are described by the time-
dependent Jacobi coordinates § = %(fﬁ — ), X = \/6(7“1 + 7y — 2773),
and the trivial center-of-mass coordinate. In the harmonic-oscillator (h.o.)
approximation, both oscillators can be excited with orbital angular momenta
l, and [y, and can also undergo radial excitations n, and ny. Thus, the h.o.
wave functions are characterized as ¢,n,.1\n, -

Resonances with I, + 2n, + [y 4+ 2n) = N belong to the N excitation
shell. The symmetry of the spatial wave function ¢ must ensure the overall
symmetry of the combined space—spin—flavor wave function.

In the second excitation shell, four resonances with quantum numbers
I(JP) = 1/2(1/2%) are expected. The symmetry of their space-spin-flavor
wave functions is given by

28[56] : (¢SXMS TMg +¢SXMA TMA);
*8[70] :  (Pary XMa Ths — DM XMs TMs + OMs XMa TMa — PMa XMs TM L) §
18[70) :  (Pnrg X5 Tass + Py XS TMA) ;

[

*8[20] 1 (GA Xs TMs + DA XMs TML) -

The spatial wave function of N*s in the second excitation shell can be
cast into the form

28[56] 1 s(lomp;lana) = (o100 + dooo1)/V2;

[70] + s (Lomps ann) = (o100 — P0001)/ V25 dara (Lpmp; ann) = dro10;
18170 1 g (Lpnpi amn) = (2000 — 0020/ V2) 5 dars (Lpnpi Iany) = di1010;
28[20] : pallonpilany) = om0 (2)

These are harmonic-oscillator (h.o.) wave functions. The true wave
functions, however, are mixtures of these basis states. In principle, the
nucleon and states from the fourth excitation shell could also contribute to
the wave function of a given resonance, but mixing between different shells
is expected to be small and is therefore neglected.

The mixing parameters for the non-relativistic quark model of Isgur and
Karl [29] and for the relativistic Bonn model [32] are listed in Table 3, to-
gether with the corresponding masses. Both models contain free parameters
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that are adjusted to reproduce the observed Breit—Wigner masses; hence,
their predictions should be compared to the experimental Breit—Wigner val-
ues.

Table 3. Masses and configuration mixing for the excited states of the nucleon with
J¥ =1/2% in the second excitation shell from [29] ([32]). The masses are in MeV,
the contributions in %.

Mgpp Meale 2856] 28[70] 48[70] 28[20]
(1440) | 1440430 1405 (1518 970(90 8) 30(61) 0(0.1)  0(0.2)
(1710)| 1710430 1705 (1729) 2.6 (15.5) 874(81 4) 95(0.7) 0.5 (0.3)
(1880) | 188050 1890 (1950 04(0 9) 9.0 (0.9) 70.3(88.6) 20.3 (7.4)
(2100) | 2100450 2055 (1996) 0.0 (34.2) ( 9)  20.2 (6.8) 79.2 (50.8)

- =

Four states with quantum numbers I(JF) = 1/2(1/2%) are predicted,
and indeed four such resonances are observed experimentally: N(1440)1/2%,
N(1710)1/2F, N(1880)1/2%, and N(2100)1/2%. It is therefore tempting to
identify these experimentally established resonances with the corresponding
quark-model states.

Both models agree that the Roper resonance is predominantly the first
radial excitation of the nucleon, with only small admixtures from higher
configurations. Of course, the Roper may also possess a meson cloud, which
is not accounted for in simple quark models. Nevertheless, its structure is
largely governed by its three-quark core. This observation lends support to
interpreting N(1710)1/2* as the second radial excitation [38]. However, this
conjecture is not supported by electroproduction data.

Figure 8 compares the N(1440)1/2" and N(1710)1/2% transition form
factors. The Roper transition form factor crosses zero due to the node
in its wave function, with the position of the zero shifted by meson-cloud
effects. For a second radial excitation, two zero crossings could be expected,
but such behavior is not observed experimentally. In quark models, both
N (1440)1/2* and N(1710)1/2" possess one node: the N (1440)1/2% in p?+ A2
and the N(1710)1/2T in p? — A2 (see the inset in Fig. 8). The node in p? — \?
does not result in a zero crossing of the transition amplitude.

The transition form factor for N(1880)1/2" is not yet known, but it
appears plausible to assign this state to the expected member of a spin
quartet with L = 2 and S = 3/2, coupling to J = 1/2. This quartet should
be accompanied by three additional states with L = 2, S = 3/2, coupling to

= 3/2, 5/2, and 7/2. These may correspond to the experimentally observed
resonances N (1900)3/2%, N(1860)5/2%, and N(1990)7/2*.
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Fig.8. Transition form factor F»(Q?) for the N(1440)1/2* and N(1710)1/2F. The
data are from Refs. [55, 62], the band is from [63] and the dashed curve from [64].
The quark-model spatial probability distributions from [65] are shown as insets.

The N(2100)1/2 resonance remains a puzzle. In a first interpretation, it
could be assigned a dominant 2[20] configuration. In the leading spatial com-
ponent of this configuration, both oscillators are excited, see ¢4 in Eq. (2).
In Ref. [29], this contribution amounts to approximately 80%, implying that
production in a single-step process should be strongly suppressed. In con-
trast, Ref. [32] finds a suppression by only about a factor of two.

Alternatively, N(2100)1/2% could be interpreted as a hybrid baryon.
Mesonic hybrids with an excited gluon field, often denoted as ¢gg mesons,
were predicted [66] soon after QCD was established as the theory of the
strong interaction (see Ref. [67] for a review). Mesonic hybrids may possess
erotic quantum numbers — combinations that are not accessible to con-
ventional qq systems. They are predicted to decay primarily through string
breaking, leading to two-meson final states in which one of the mesons carries
intrinsic orbital angular momentum [68, 69]. This selection rule is broken
when the quark and antiquark masses are unequal. A candidate for such
a state, the 71(1600) with JP¢ = 1%, has been identified unambiguously
in its decays to f1(1285)7 [70], b1(1235)7 [71, 72|, n'= [70], pm 73], and
nm |74]; see Ref. |75] for a review.

Hybrid baryons, in contrast, do not possess exotic quantum numbers.
Their identification must therefore rely on comparisons with mass predic-
tions and decay patterns. Lattice QCD calculations have predicted the
masses of hybrid baryons [43, 76]. Figure 9 shows the expected mass spectra
of N* states with J¥ = 1/2* and 3/2% and of A* states with J* =5/2% and
7/2*. These calculations were performed with quark masses corresponding
to a pion mass of about 400 MeV; hence, all predicted masses are systemati-
cally too high. In Fig. 9, all masses are normalized to the nucleon mass. The
A(1950)7/2" appears near 1900 MeV, lending support to the calculations.
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Fig.9. Mass spectra of N* and A* baryons. The mass scale is made to reproduce
the masses of the nucleon and of A(1950)7/2%. Baryons with a large hybrid content
are highlighted in blue. Adapted from [43].

The four I(JF) = 1/2(1/2T) states discussed here are all observed below
2 GeV. Above this region, a mass gap is seen: the next gqq state, belonging
to the fourth excitation shell, is expected at about 2.4 GeV. Within this gap
(2.0-2.4 GeV), two hybrid baryons are predicted. Thus, if the N (2100)1/2% is
not a member of the [20]-plet, it could plausibly be interpreted as a hybrid
baryon. By analogy with hybrid mesons, one expects hybrid baryons to
decay predominantly into a baryon-meson pair in which one of the final-
state hadrons carries one unit of intrinsic orbital angular momentum.

A third possibility remains: N(2100)1/2" could represent the lowest-mass
JP = 1/5F state in the fourth excitation shell, its mass lowered analogously
to the Roper resonance in the second shell. In this interpretation, it would
belong to a 28[56] configuration, and its wave function would be given by

\/5 1
Olynp sy, = \f $02,00 + —= f $00,02 + —— Po1,01 — ¢20,20 - (3)

What do we expect? For a member of the [20]-plet with a spatial wave func-
tion @p,n, 1,ny = ®10,10, We expect that a first de-excitation leads to spatial
wave functions of the form ¢10,00 or ¢go,10, corresponding to one unit of or-
bital angular momentum. The two oscillators may also de-excite coherently
through pion emission, where the two pions form a f(500). Configuration
mixing introduces components from 28[56], 28[70], and 48[70], which can de-
cay into Nm, Np, or A(1232)r final states without intrinsic orbital angular
momentum.

For a hybrid state, we expect decays into a baryon—meson pair where
one of the hadrons carries intrinsic orbital angular momentum. Since the
decay products have unequal masses, the symmetry that would otherwise
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enforce the angular-momentum distribution is broken, allowing also S-wave
decays into channels such as Nw, Np, or A(1232)7. Nevertheless, a sub-
stantial fraction of the decays should proceed through intermediate states
such as N(1535)1/27, N(1520)3/2~, or N fo(500), where the latter represents
correlated two-pion emission.

If N(2100)1/27 is instead a Roper-like state belonging to the fourth exci-
tation shell, we expect contributions from components of the type ¢i,n,, 1,0, =
$20,20, corresponding to intrinsic orbital angular momentum L = 2 in one of
the outgoing hadrons. The ¢g1,01 component could contribute to decays into
radially excited states such as N(1440)1/2% or N(1710)1/2%. The ¢g0,20 com-
ponent is likely to decay into N(1680)5/2", 7 in an F-wave, N(1720)3/2%,
in a P-wave, or N, f5(1270) in a D-wave. The latter two components can
also emit two pions coherently from the two excited oscillators, leading to
N fo(500) as an intermediate state.

Table 4 presents preliminary results from a BnGa coupled-channel anal-
ysis that includes new data from the CBELSA /TAPS experiment [77], both
with and without polarization observables. The decays listed in the first
two rows may originate from the ¢g2,00 and ¢go,02 components, while the
N fo(500) decays can be interpreted as correlated two-pion emission from
the ¢20,20 and ¢o1,01 configurations. The N(1720)3/2%, 7 and N(1710)1/2*
decay modes are naturally expected for a Roper-like J© = 1/2% resonance
belonging to the fourth excitation shell.

Table 4. Branching ratios (in %) for decays of the N(2100)1/2* [77] (preliminary).
The sum is (116+13)%.

Nr Nn Nn/
16+4 944 4+2
AK YK Ar Np

<1 7+3 10+4 177
Nisssm | Niziom | Nizaom | N fo(500)
<1 10+5 15+5 2846

These interpretations are clearly suggestive. There is no selection rule
that would forbid the ¢p2,00 and ¢go,02 components from decaying into or-
bitally or radially excited intermediate states, and the ¢2020 and ¢o1,01
components could decay, for instance, into N(1720)3/2%, 7, with subsequent
rescattering of the N(1720)1/2", 7 system into Np or A(1232)7. However,
the most straightforward interpretation of the results is that N(2100)1/2"
represents a low-mass member of the fourth excitation shell.
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In summary, the sequence of positive-parity N* resonances with J* =
127 — from the Roper resonance N(1440)1/2% through N(1710)1/27,
N(1880)1/2", and up to N(2100)1/2" — reveals a consistent pattern in the
excitation spectrum of the nucleon. The Roper resonance is now well under-
stood as the first radial excitation of the nucleon, dominated by its three-
quark core and dressed by a substantial meson cloud. The higher states may
naturally be interpreted as successive excitations within the same quark-
model framework, with increasing contributions from orbital motion and
configuration mixing. While alternative interpretations, such as dynami-
cally generated or hybrid baryons, cannot be excluded, the most coherent
picture emerging from both quark-model and coupled-channel analyses iden-
tifies N(2100)1/2" as a low-mass member of the fourth excitation shell —
a Roper-like state completing the observed pattern of nucleon excitations.

The work of V. Burkert was supported by the U.S. Department of Energy
under contract DE-AC-060R23177.
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