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Relevance of Studies of Excited Nucleon States

N. Isgur, N*2000 proceedings, 
World Scientific (2020)

D.S. Carman, R.W. Gothe, V.I. Mokeev, C.D. Roberts, 
Particles 6, 416 (2023) 

• Nucleons (and their excited states) are 
the stuff from which our world is made 
⇒ they must be at the center of any 
discussion of why our Universe looks as 
it does.

• They are the simplest system in which 
the non-abelian character of QCD is 
manifest.

• Baryons are sufficiently complex to 
reveal physics hidden from us in mesons.

• Studies of the electroexcitation of 
nucleon resonances allow for essential 
insight into understanding hadron 
structure.

• Understanding the dynamics of the 
strong interaction that governs hadron 
mass generation is a challenging open 
problem in the Standard Model.

• Comparisons of data to approaches with 
a direct connection to QCD are essential 
… and now becoming possible.
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From the Hydrogen Spectrum to the N* Spectrum

N. Bohr

• Understanding the ground state of the hydrogen 
atom required understanding its excitation 
energy spectrum
⇒ Evolution from the Bohr model of the atom 
to Quantum Electrodynamics (QED)

• Likewise, understanding the ground state of the 
proton requires understanding its excitation 
energy spectrum (the so-called N* states)
⇒ Evolution from the constituent quark model 
to Quantum Chromodynamics (QCD)

• The study of N* states is critical to charting the 
true character of the wavefunction of baryons

Many models have the same ground state, but only 
the one that captures the intricacies of the full 
excitation energy spectrum truly reflects nature
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The N* program is one of the key physics foundations of Hall B

• CLAS & CLAS12 were designed to study exclusive reaction channels 
over a broad kinematic range:

pN, wN, fN, hN, h’N, ppN, KY, K*Y, KY*

• Goal is to explore the spectrum of N* states and their structure

- Probe their underlying degrees of freedom via studies of the Q2

evolution of the electroproduction amplitudes
- these amplitudes do not depend on the decay channel but different final 

states have different hadronic decay parameters and backgrounds
- provide insight into the origin of hadron mass and N* structure from the 

results on the electrocouplings of different N* states
- search for hybrid baryons (qqqG) and other non-3q configurations 

- Data can unravel/reveal the spectrum of N* states

Hall B N* Program Overview and Goals

N* degrees of freedom??
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Excited Nucleon Structure
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• N* structure is more complex than what can be described accounting for quark degrees of 
freedom only

• Studies of the gvpN* electrocouplings from low to high Q2

probe the detailed structure of the N* states
- The underlying quark and gluon dynamics shape the structure of N* 

states and the Q2 evolution of their electrocouplings
- The electrocouplings are the only source of information on many 

facets of the non-perturbative strong interaction in the generation 
of different N* states and their emergence from QCD

structure well described accounting 
for external meson-baryon cloud in 
addition to quark core

A1/2 , A3/2 – transverse
S1/2 - longitudinal

(Q2 < 2 GeV2)
(Q2 > 5 GeV2)

quark core dominates; transition 
from confinement to pQCD regimes

3q core + M-B cloud      3q core           pQCD

low Q2 high Q2
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Connecting to Electroproduction Amplitudes
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• Cross sections of resonance r of mass Mr, width Gtot(Mr), and spin Jr:

• The EM decay widths (N*→ Ng) at W=Mr are given by:

Resonant Amplitudes Non-Resonant Amplitudes

e

e′
γv

N B

N*,D*

M

Q2

N

M

B

M =
<latexit sha1_base64="r799ueqxDfYbHMCuqfAP5T3Wbi8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YsXoYKxxTaUyXbbLt1swu5GKKH/wosHFa/+HG/+G7dtDtr6YODx3gwz88JEcG1c99spLC2vrK4V10sbm1vbO+XdvQcdp4oyn8YiVs0QNRNcMt9wI1gzUQyjULBGOLye+I0npjSP5b0ZJSyIsC95j1M0VnrM2hQFuR2Ty0654lbdKcgi8XJSgRz1Tvmr3Y1pGjFpqECtW56bmCBDZTgVbFxqp5olSIfYZy1LJUZMB9n04jE5skqX9GJlSxoyVX9PZBhpPYpC2xmhGeh5byL+57VS0zsPMi6T1DBJZ4t6qSAmJpP3SZcrRo0YWYJUcXsroQNUSI0NqWRD8OZfXiT+SfWi6t2dVmpXeRpFOIBDOAYPzqAGN1AHHyhIeIZXeHO08+K8Ox+z1oKTz+zDHzifP/t6kAA=</latexit><latexit sha1_base64="r799ueqxDfYbHMCuqfAP5T3Wbi8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YsXoYKxxTaUyXbbLt1swu5GKKH/wosHFa/+HG/+G7dtDtr6YODx3gwz88JEcG1c99spLC2vrK4V10sbm1vbO+XdvQcdp4oyn8YiVs0QNRNcMt9wI1gzUQyjULBGOLye+I0npjSP5b0ZJSyIsC95j1M0VnrM2hQFuR2Ty0654lbdKcgi8XJSgRz1Tvmr3Y1pGjFpqECtW56bmCBDZTgVbFxqp5olSIfYZy1LJUZMB9n04jE5skqX9GJlSxoyVX9PZBhpPYpC2xmhGeh5byL+57VS0zsPMi6T1DBJZ4t6qSAmJpP3SZcrRo0YWYJUcXsroQNUSI0NqWRD8OZfXiT+SfWi6t2dVmpXeRpFOIBDOAYPzqAGN1AHHyhIeIZXeHO08+K8Ox+z1oKTz+zDHzifP/t6kAA=</latexit><latexit sha1_base64="r799ueqxDfYbHMCuqfAP5T3Wbi8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YsXoYKxxTaUyXbbLt1swu5GKKH/wosHFa/+HG/+G7dtDtr6YODx3gwz88JEcG1c99spLC2vrK4V10sbm1vbO+XdvQcdp4oyn8YiVs0QNRNcMt9wI1gzUQyjULBGOLye+I0npjSP5b0ZJSyIsC95j1M0VnrM2hQFuR2Ty0654lbdKcgi8XJSgRz1Tvmr3Y1pGjFpqECtW56bmCBDZTgVbFxqp5olSIfYZy1LJUZMB9n04jE5skqX9GJlSxoyVX9PZBhpPYpC2xmhGeh5byL+57VS0zsPMi6T1DBJZ4t6qSAmJpP3SZcrRo0YWYJUcXsroQNUSI0NqWRD8OZfXiT+SfWi6t2dVmpXeRpFOIBDOAYPzqAGN1AHHyhIeIZXeHO08+K8Ox+z1oKTz+zDHzifP/t6kAA=</latexit><latexit sha1_base64="r799ueqxDfYbHMCuqfAP5T3Wbi8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YsXoYKxxTaUyXbbLt1swu5GKKH/wosHFa/+HG/+G7dtDtr6YODx3gwz88JEcG1c99spLC2vrK4V10sbm1vbO+XdvQcdp4oyn8YiVs0QNRNcMt9wI1gzUQyjULBGOLye+I0npjSP5b0ZJSyIsC95j1M0VnrM2hQFuR2Ty0654lbdKcgi8XJSgRz1Tvmr3Y1pGjFpqECtW56bmCBDZTgVbFxqp5olSIfYZy1LJUZMB9n04jE5skqX9GJlSxoyVX9PZBhpPYpC2xmhGeh5byL+57VS0zsPMi6T1DBJZ4t6qSAmJpP3SZcrRo0YWYJUcXsroQNUSI0NqWRD8OZfXiT+SfWi6t2dVmpXeRpFOIBDOAYPzqAGN1AHHyhIeIZXeHO08+K8Ox+z1oKTz+zDHzifP/t6kAA=</latexit>

X
<latexit sha1_base64="lrvCrHlKBonGKDaHU62TyTCdu74=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbahSXZJskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvSgU31vO+UGVldW19o7pZ29re2d2r7x88mCTTlAU0EYnuRsQwwRULLLeCdVPNiIwE60STm8LvPDJteKLu7TRloSQjxWNOiS2kvsnkoN7wmt4c+C/xS9KAEu1B/bM/TGgmmbJUEGN6vpfaMCfacirYrNbPDEsJnZAR6zmqiGQmzOe3zvCJU4Y4TrQrZfFc/TmRE2nMVEauUxI7NsteIf7n9TIbX4Y5V2lmmaKLRXEmsE1w8Tgecs2oFVNHCNXc3YrpmGhCrYun5kLwl1/+S4Kz5lXTvztvtK7LNKpwBMdwCj5cQAtuoQ0BUBjDE7zAK5LoGb2h90VrBZUzh/AL6OMbnwaOJw==</latexit><latexit sha1_base64="lrvCrHlKBonGKDaHU62TyTCdu74=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbahSXZJskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvSgU31vO+UGVldW19o7pZ29re2d2r7x88mCTTlAU0EYnuRsQwwRULLLeCdVPNiIwE60STm8LvPDJteKLu7TRloSQjxWNOiS2kvsnkoN7wmt4c+C/xS9KAEu1B/bM/TGgmmbJUEGN6vpfaMCfacirYrNbPDEsJnZAR6zmqiGQmzOe3zvCJU4Y4TrQrZfFc/TmRE2nMVEauUxI7NsteIf7n9TIbX4Y5V2lmmaKLRXEmsE1w8Tgecs2oFVNHCNXc3YrpmGhCrYun5kLwl1/+S4Kz5lXTvztvtK7LNKpwBMdwCj5cQAtuoQ0BUBjDE7zAK5LoGb2h90VrBZUzh/AL6OMbnwaOJw==</latexit><latexit sha1_base64="lrvCrHlKBonGKDaHU62TyTCdu74=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbahSXZJskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvSgU31vO+UGVldW19o7pZ29re2d2r7x88mCTTlAU0EYnuRsQwwRULLLeCdVPNiIwE60STm8LvPDJteKLu7TRloSQjxWNOiS2kvsnkoN7wmt4c+C/xS9KAEu1B/bM/TGgmmbJUEGN6vpfaMCfacirYrNbPDEsJnZAR6zmqiGQmzOe3zvCJU4Y4TrQrZfFc/TmRE2nMVEauUxI7NsteIf7n9TIbX4Y5V2lmmaKLRXEmsE1w8Tgecs2oFVNHCNXc3YrpmGhCrYun5kLwl1/+S4Kz5lXTvztvtK7LNKpwBMdwCj5cQAtuoQ0BUBjDE7zAK5LoGb2h90VrBZUzh/AL6OMbnwaOJw==</latexit><latexit sha1_base64="lrvCrHlKBonGKDaHU62TyTCdu74=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbahSXZJskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvSgU31vO+UGVldW19o7pZ29re2d2r7x88mCTTlAU0EYnuRsQwwRULLLeCdVPNiIwE60STm8LvPDJteKLu7TRloSQjxWNOiS2kvsnkoN7wmt4c+C/xS9KAEu1B/bM/TGgmmbJUEGN6vpfaMCfacirYrNbPDEsJnZAR6zmqiGQmzOe3zvCJU4Y4TrQrZfFc/TmRE2nMVEauUxI7NsteIf7n9TIbX4Y5V2lmmaKLRXEmsE1w8Tgecs2oFVNHCNXc3YrpmGhCrYun5kLwl1/+S4Kz5lXTvztvtK7LNKpwBMdwCj5cQAtuoQ0BUBjDE7zAK5LoGb2h90VrBZUzh/AL6OMbnwaOJw==</latexit>

+
X

<latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit><latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit><latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit><latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit>

e′

e+
X

<latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit><latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit><latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit><latexit sha1_base64="x+ZMPsSwpkjvsxSHcTQB9amdm9E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0YvHCq6ttEvJptk2NMkuSVYoS/snvHhQ8erf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/eNBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMhzdTv/lElWaxvDejhAYC9yWLGMHGSo9naDKZdHQquuWKW3VnQMvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJsdPEYnVumhKFa2pEEz9fdEhoXWIxHaToHNQC96U/E/r52a6DLImExSQyWZL4pSjkyMpt+jHlOUGD6yBBPF7K2IDLDCxNiMSjYEb/HlZeKfV6+q3l2tUr/O0yjCERzDKXhwAXW4hQb4QEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AQ5MkB4=</latexit>

Single Channel Models:
- Simplicity (isobar, effective Lagrangian, 

multipoles)
- Single framework to study different channels
- Not a complete physics model but have 

proven to be useful and relevant

Coupled-Channel Models:
- Simultaneous fits to multiple independent 

channels (photo-, electro-, and 
hadroproduction)

- Treatment of FSI and re-scattering effects

Coupled-channel approaches: 
ANL-Osaka, Dubna-Mainz-Taipei, Julich-Bonn-Washington

D.S. Carman, K. Joo, V.I. Mokeev, FBS 61, 29 (2020)

g*

B BN N

M Mg*
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Emergence of Hadron Mass

• Studies of ground/excited state nucleons probe EHM in a regime 
where the dressed quark masses are the dominant contribution 
to their physical mass

• Studies of pions and kaons are complementary to N/N* studies 
are also critical to unravel separation of EHM and Higgs 
mechanisms (AMBER@CERN, EIC/EicC)

confinement regime:
constituent quark mass

Momentum (k), GeV approaching bare 
Higgs  mass 

Continuum Schwinger Method

• Standard Model of Particle Physics has one 
obvious mass-generating mechanism:
– Higgs Boson … impacts are critical to the evolution 

of Universe as we know it

• However, the Higgs boson alone is responsible for 
just ∼1% of the visible mass in the Universe
– Proton mass budget … only 

9 MeV/939 MeV is directly 
from Higgs 

dressed quark bare quark
dressing kernel

M=M(p) m0=mHM

Dressed
quarks     

dressed gluon bare gluon dressing kernel

Consequence of equations 
of motions for quark and 
gluon fields

Dressed 
gluons
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CLAS N* Program Measurement Overview

“Mining” of old CLAS data still in 
progress with several analyses 

currently ongoing

(1997-2012)
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N* Electrocouplings from CLAS

N(1520)3/2-N(1440)1/2+

Q2 (GeV2) Q2 (GeV2)

V.D. Burkert, FBS 57, 873 (2016)
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CLAS Electrocoupling Extraction

Channel N*, D* States

p0p, p+n D(1232)3/2+, N(1440)1/2+,
N(1520)3/2-, N(1535)1/2-

p+n N(1675)5/2+, N(1680)5/2+, 
N(1710)1/2+

hp N(1535)1/2-

p+p-p N(1440)1/2+, N(1520)3/2-

D(1620)1/2-, N(1650)1/2-, 
N(1680)5/2+, D(1700)3/2-, 
N(1720)3/2+, N’(1720)3/2+

http://userweb.jlab.org/~mokeev/resonance_electrocouplings23
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• Electrocouplings of different N* states reveal different interplay between meson-baryon cloud and 
quark core

• Good agreement of the extracted N* electrocouplings from Np and Npp:
- Compelling evidence for the reliability of the results
- Channels have very different mechanisms for the non-resonant background
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Hunting for Glue in Excited Baryons

LQCD predicts hybrid
baryons in N* spectrum

The hybrid nature of baryons appears in the 
Q2 evolution of their transition amplitudes
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Can glue be a structural component of excited baryon states??

1.3 GeV
regular states

hybrid states

M
/G

eV

N* q3g

q3 Black curves: q3 model 
Red curves: q3g model 

A1/2 S1/2

0             1             2             3            4             5 0             1             2             3             4             5      

Q2 (GeV2)Q2 (GeV2)

JLab LQCD group results 
mp=396 MeV

The signatures for hybrid baryons include:
• Extra resonances with Jp=1/2+, 3/2+ in mass range 

2.0-2.5 GeV and decays into Nππ or KY final states 
• Drop of A1/2(Q2) and A3/2(Q2) faster than for 

ordinary 3q states due to extra glue-component in 
valence structure 

• Suppressed S1/2(Q2) relative to A1/2(Q2) amplitude

N(1440)1/2+

Extractions of the Q2 evolution of the electrocouplings 
are necessary for hybrid identification

Z.P. Li, V. Burkert, Z.J Li, PRD 46, 70 (1992)
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Evolution of the N* Spectrum

State
N(mass)JP

PDG 
2010

PDG
2020 pN KΛ KΣ gN

N(1710)1/2+ *** **** **** ** * ****

N(1875)3/2- *** ** * * **

N(1880)1/2+ *** * ** ** **

N(1895)1/2- **** * ** ** ****

N(1900)3/2+ ** **** ** ** ** ****

N(2000)5/2+ * ** * **

N(2060)5/2- *** ** * * ***

N(2100)1/2+ * *** *** * **

N(2120)3/2- *** ** ** * ***

D(1600)3/2+ *** **** *** ****

D(1900)1/2- ** *** *** ** ***

D(2200)7/2- * *** ** ** ***

Recent LQCD predictions support CQM         

U. Löring, B.C. Metsch, H.R. Petry, Eur. Phys. J. A 10, 395 (2001)

RCQM

J. Dudek, R. Edwards, PRD 85, 054016 (2012)

missing N* states
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CLAS12 N* Program 
• Measure exclusive electroproduction of Np, Nh, Npp, KY final states from 

unpolarized proton target with longitudinally polarized electron beam

Eb = 6.6, 8.8, 11 GeV, Q2 = 0.05 → 12 GeV2, W → 3.0 GeV, cos qm* = [-1:1]

E12-09-003 Nucleon Resonance Studies with CLAS12
E12-06-108A KY Electroproduction with CLAS12
E12-16-010A N* Studies Via KY Electroproduction at 6.6 and 8.8 GeV
E12-16-010 A Search for Hybrid Baryons in Hall B with CLAS12

1. Study higher-lying N* states:
• confirm signals of new baryon states observed in gp → KY
• explore full regime of “missing” quark model states 

2. Understand active degrees of freedom that account 
for N* structure vs. distance scale:
• explore dynamical structure of N* states from low to high 

Q2 – meson-baryon cloud to quark degrees of freedom
• search for predicted qqqg hybrid baryons

3. Probe quark dressing effects and di-quark 
correlations in N* structure:
• important aspect of N* structure and electrocoupling 

amplitudes
• provide insight into emergence of hadron mass vs. Q2

• N* states of different structure allow study of 
different qq correlations

RG-A

Spr. 18 
126 mC

10.2 GeV,
10.6 GeV

Fall 18 
99 mC
Spr. 19 
58 mC

RG-K

Fall 18 
28 mC

6.5 GeV, 
7.5 GeV

Spr24
173 mC

6.4 GeV,
8.5 GeV

50% of total

50% of total
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Inclusive Cross Sections from CLAS12

interpolation of CLAS results
M. Osipenko et al. (CLAS), PRD 67, 092001 (2003)
A.A. Golubenko et al., Prog. Part. Nucl. 50, 587 (2019)

resonant contribution computed with 
gvpN* electrocouplings from CLAS data
A.N. Hiller Blin et al., PRC 104 025201 (2021) 

• First results on (e,e′X) inclusive cross 
sections in the resonance region at Q2

from 2-10 GeV2 with a broad coverage 
over W in any Q2-bin

• Studies of inclusive structure function moments will shed light on the nucleon structure evolution in the 
transition from the strongly coupled to pQCD regimes

• Evaluated resonance contributions 
probe the nucleon PDF to provide new 
opportunities to explore quark hadron 
duality

CLAS12 Preliminary - under internal review V. Klimenko, UConn

*talk on Tuesday afternoon
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Two Pion Cross Sections from CLAS12
ep → e’pp+p-

M(p+p) (GeV) M(p-p) (GeV)

M(p+p-) (GeV)

q p
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b
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)

p-D++
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rp

p+N(1680)
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Topologies:
1) Fully exclusive
2) Missing p-

3) Missing p+

4) Missing p

K. Neupane, USC

• Particle ID
• Yield extraction
• Monte Carlo acceptance (TWOPEG)

• Momentum corrections
• Radiative corrections
• Systematic studies

Normalized yields: Q2:[3.0-3.5] GeV2, W:[1.725:1.750] GeV

Extraction of cross sections advancing
RG-A @ 10.6 GeV
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Beam-Recoil L Transferred Polarization from CLAS12

Model Year Type Fit Data N* States

Kaon-MAID 2000 Isobar none 1/2, 3/2

RPR 2011 Isobar+Regge CLAS gp 1/2, 3/2, 5/2

BS3 2018 Isobar CLAS gp + ep 1/2, 3/2, 5/2

D.S. Carman et al. (CLAS), PRC 105, 065201 (2022)

RG-K @ 6.5 GeV



Daniel S. Carman Page 16JLUO Meeting - Jun. 10 – 12, 2024

Concluding Remarks

• Nucleons and their excited states are the most fundamental three-body systems in Nature. If 
we don’t understand how QCD builds each state in the spectrum, then our understanding of 
QCD is incomplete.

• The study of N* states is one of the key foundations of the CLAS physics program:
- CLAS has provided a huge amount of data up to Q2 ~ 5 GeV2 - electrocouplings of most N* states up to 

1.8 GeV have been extracted from these data for the first time

• The CLAS12 N* program is extending these studies for 0.05 < Q2 < 12 GeV2:
- Analysis of the collected data is underway – first analyses from CLAS12 N* program focused on 

inclusive, 2p, and KY final states
- These data will be important input to address the most challenging problems of the Standard Model on 

the nature of hadron mass, confinement, and the emergence of N* states
- Consistent results on the N* electroexcitation amplitudes from different reaction channels will validate 

insights learned on the emergence of hadron mass from QCD-connected models
- complementary to studies of EHM of the structure of pions and kaons

• Considering a future for JLab beyond 12 GeV era – JLab at 22 GeV @ the luminosity frontier
A. Accardi et al., arXiv: 2306.09360 (in press Eur. Phys. J. A)
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JLab Energy Upgrade

Energy and luminosity increase are needed to explore 
N* structure at Q2 > 10 GeV2

Goal to map out the dressed quark mass over the entire 
range of quark momenta where the dominant part of 
hadron mass is generated  

The electroproduction measurements foreseen at JLab 
in Hall B after completion of the 12 GeV program:

• Beam energy 22 GeV
• Nearly 4p coverage
• High luminosity
• Studies of exclusive reactions

Both EIC and EIcC would need much higher 
luminosity to carry out such a program

The luminosity frontier is a unique
advantage of JLab 

https://userweb.jlab.org/~carman/clas22

For program details see:
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Continuum Schwinger Method


