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» Why are y NN* electrocouplings interesting? Probe bound valence quarks, baryon
wave functions, the emergence of mass, and finally strong QCD.

» Experimental Foundation: Measure cross sections to reveal the space-time-dependent
bound quark structure of baryons in various quantum configurations (I, J™).

» Phenomenological Analyses / Theoretical Impact: Consistent extraction of y NN*
clectrocouplings / mapping QCD continuously from sQCD towards pQCD.

This work is supported in parts by the National Science Foundation under Grant PHY 10014377.
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Emergence of Hadron Mass Traced by Electromagnetic Probes

T,P,O. .. Q2 Ik

low

3q-core+MB-cloud

3qg-core
.
pQCD high

Frank Wilczek, Physics Today, August 2000
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Hadron Structure with Electromagnetic Probes

» The SM a, diverges as Q? approaches zero, but

2 confinement and the meson cloud heal this artificial
T,P,. .. Q k

—\

divergence as QCD becomes non-perturbative.
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Hadron Structure with Electromagnetic Probes

» Study the structure of the nucleon spectrum in the domain
Q2 : :
,P,. .. where dressed quarks are the major active degree of freedom.

. low » Explore the formation of excited nucleon states in interactions
/ lk of dressed quarks at various distance scales and their
N* A A emergence from QCD.
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Probing pQCD Experimentally

How can one probe pQCD experimentally when measuring hadrons in the final state?

h3 AE—(0 and At—0
@(’z@ FElastic nuclear form factors
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N—N* transition form factors
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Structure Analysis of the Baryon

Demolition of a chimney at the "Henninger Brewery" in Frankfurt am Main, Germany, on 2 December 2006

hard and hard and hard and
bound soft quasi-elastic
E,M, S Multipoles c
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Structure Analysis of the Baryon

Demolition of a chimney at the "Henninger Brewery" in Frankfurt am Main, Germany, on 2 December 2006

hard and
bound

essence stays intact
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Emergence of Hadron Mass Traced by Electromagnetic Probes

» Study the structure of the nucleon spectrum in the domain

2 : :
,P,0. .. Q where dressed quarks are the major active degree of freedom.

N(1440)1/2*
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Emergence of Hadron Mass Traced by Electromagnetic Probes

T,P,0. .. Q2

3q-core+MB-cloud

3qg-core

high

» Study the structure of the nucleon spectrum in the domain

where most of the mass is generated by the strong field and
dressed quarks are the major active degree of freedom.
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Zhu- Fang Cui et al., Chin. Phys C44 (2020) 083102/1-10
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Data-Driven Data Analyses

Consistent Results

Single Pion t
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Y. Tian et al., Phys. Rev. C 107, 015201 (2023) 26
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Exclusive Single ™ Electroproduction off the Deuteron

Ye Tian
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Exclusive Single ™ Electroproduction off the Deuteron
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cos 0_- Dependent Structure Functions @ W=1.2125 GeV

W=1.2125 GeV
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Roper Transition Form Factors in CSM Approach

N(1440)P, J. Segovia et al., Phys. Rev. Lett. 115, 171801 (2015)
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~Roper Transition Form Factors in CSM Approach

N(1440)P, Y. Tian et al , Phys. Rev. C 107, 015201 (2023) 26
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Data-Driven Data Analyses

Consistent Results

Double Pion t
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¢-independent Nntw Single-Differential Cross Sections
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¢-dependent Nntw Single-Differential Cross Sections
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¢-dependent Nntw Single-Differential Cross Sections

R2' 1, (ub/rad)

R2rp,, (ubirad)

Q?, W bin = [2.4,3.0)GeV?,[1.725,1.750)GeV

=4
£
T

00 |

s
g

00 F

{{{{
Hy :
L

Arpli'p) (deg)

(ub/rad)

=]
(=}
B

=}
=1
=3

e
=)

™

R2r,

R2'ry, . (ub/rad)

=}
=]
=1

=
=3
s

=}
=]
s

=}
[=3
[ =]

e
=)

=]
=3
2

&
=3
B

.................

2't1 4, (ublrad)

LT
S
(=]
(3%

0 100

200

R2'rr, (ublrad)

0 100

200
O plirp) (deg)

e 2 2
8 & 8

o
=3

R
s
g

.................

100 200

00 I~

100 200
O lipp) (deg)

Arjun Trivedi

( dgfc‘j' ¢,—) — R21% + R2,%7 + R2,7°% cos ¢; + R277% cos 2¢; + X0, (R20r°" sin ¢ + R277™ sin 2¢;)

IIIIIIIIII

Ralf W. Gothe

<k
clasy®

NSTAR2026, September 7-11, 2026

nbalicd,

NSTAR 2026

21



Nrn'n~ Electroproduction Kinematic Coverage
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Nnr Single-Differential Cross Sections

W € [1.75, 1.80] GeV and Q2 € [3.0, 3.5] GeV2 ~ Krishna Neupane

Arjun Trivedi
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Nzt Single-Differential Cross Sections
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Nucleon Resonances in Nt and Nnit Electroproduction

Q?<4.0GeV?
. . mowl * W
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Phenomenological
Analysis
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Data-Driven Data Analyses

QcCDh

Consistent Results

t . LQCD

» Single meson production:
Unitary Isobar Model (JANR, MAID, SAID)
Fixed-¢ Dispersion Relations (JANR)

> Double pion production: Reaction Amp"t“dj

Models analysis
Unitarized Isobar Model (JM) p o

» Coupled-Channel Approaches: 5) Ahmed M. Foda
EBAC = Argonne-Osaka
JBW = Jiilich-Bonn-Washington M. Mai, M. Doring

BoGa = Bonn-Gatchina tomorrow ’\Day

Hadronic Electromagnetic
Int. J. Mod. Phys E, Vol. 22, 1330015 (2013) 1-99 production production
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N(1440)1/27 Couplings from CLAS

g B @ 9 | A . . ¥ e N e LI I B ) LI )
I I I | |

'} LAl 1 1 l LAl 1 1 l Al 1 1 l LA 1 1 l ALl

0 1 2 3 e

Q’ (GeV?)

Viktor Mokeev

Consistent results are now obtained
in the low-lying resonance region up
to a Q? of 5 GeV? by independent
analyses from the N7 differential
cross sections, beam, target, and
beam-target asymmetries (red bullets,
left) and pn'n- differential cross
sections (purple diamonds, green
triangles). All observables have
fundamentally different mechanisms
for the nonresonant background and
underscore the capability of the
reaction models to extract reliable
resonance electrocouplings.

V. Mokeev et al., Phys. Rev. C 108, 025204 (2023) 1-26
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N(1440)1/27 Couplings from CLAS

Viktor Mokeev
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Consistent results are now obtained
in the low-lying resonance region up
to a Q? of 5 GeV? by independent
analyses from the N7 differential
cross sections, beam, target, and
beam-target asymmetries (red bullets,
left) and pn'n- differential cross
sections (purple diamonds, green
triangles). All observables have
fundamentally different mechanisms
for the nonresonant background and

L l 1l L l ’ 4 l

-f. underscore the capability of the
¥ EFEFEPEE EFEFEFETE BT P reaction models to extract reliable
0 1 2 3 4 resonance electrocouplings.

Q’ (GeV?)

V. Mokeev et al., Phys. Rev. C 108, 025204 (2023) 1-26
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N(1440)1/27 Couplings from CLAS

Viktor Mokeev
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V. Mokeev et al., Phys. Rev. C 108, 025204 (2023) 1-26
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N(1440)1/27 Couplings from CLAS

Viktor Mokeev

Cross Sections

CLASI12
\

Krishna, Alexis, Noah,
Zhaozhong, Bianca

} LAl 1 1 l LAl 1 1 l Al 1 1 l LA 1 1 l A

0 1 2 3 e

Q’ (GeV?)

V. Mokeev et al., Phys. Rev. C 108, 025204 (2023) 1-26
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N(1440)1/27 Couplings from CLAS
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Y.-F. Wang et al., Phys. Rev. Lett. 133, 101901 (2024)
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N(1520) 3/2° Couplings from CLAS
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A(1600)3/2* Form Factors in CSM Approach

CSM predictions of the
A(1600)3/2" electrocouplings
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A(1600)3/2* Form Factors in CSM Approach

CSM predictions of the Viktor Mokeev
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N(1675)5/2- Couplings from CLAS

Viktor Mokeev
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Also consmtent w1th prev10usly fixed hadronlc parameter for MN* >1 65 PRC 108, 025204 (2023) as well as

1ndependent analyses from the N7 dlfferentlal cross sections PRC 91, 045203 (2015) .
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Conclusion
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ence of Hadron Mass and Structure
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Beam Time Needs for Exclusive pa'n~ at CLAS22

10t
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2.0
W (GeV)

Alexis Osmond & Krishna Neupane I
Based on RGA Fall 2018 Luminosity of 5.96 10°** cm?s! at 45nA and 5cm LH,

Simulated at 22 GeV Beam Energy
Needed Years at 5.96-10°** (cm™?s!)

30

Simulated at 10.6 GeV Beam Energy
Needed Years at 5.96-10%* (cm?s!)

12.0

Q* (GeV?)
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W (GeV)

Implementing all analysis cuts (3/2), Golden Run Selection (3), PAC Days (2)

—)
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8 (16) years at 5.96-10°* cm™ s or 11 (22) month at 5-10% cm™ s°!
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Emergence of Hadron Mass and Structure

Q?-coverage of
electrocouplings

Range of quark
momenta k

Fraction of
dressed quark
mass at k<k, ..

CEBAF@?22 GeV the ultimate QCD-facility at the

* Beam energy 22 GeV
* Nearly 47 acceptance

CLAS <5 GeV? <0.8 GeV 30%
CLASI12 <12 GeV? <1.2 GeV 50%
’ CLAS22 EHM
2 0 CLASI2
CLAS22 <35 GeV <2.0 GeV 90% k=/Q2%/3
CLAS
Increasing knowledge on running dressed quark 04 Continuum Schwinger |
mass from the results on y,pN* electrocouplings. (GDJ RS Method |
~ 0.3} E
Measured y pN* electrocouplings of most e-‘a : |
prominent N* states of different structure will E.. 0.2 Dressed gluons ]
provide sound evidence for understanding how the < 0.1 [ _:
dominant part of the hadron mass and the N* = .y |
. . > [ way Dressed quarks _
structure itself emerge from QCD and will make 00F———4—d———_L Diirs
3 4

luminosity frontier. 0 1 2
k/ GeV
Luminosity “frontier” is the unique advantage of JLab.
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Emergence of Hadron Mass and Structure

Fraction of
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Luminosity “frontier” is the unique advantage of JLab.
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JLab @ 22 GeV and EHM

Strong Interaction Physics at the Luminosity Frontier e-Print: 2306.09360
with 22 GeV Electrons at Jefferson Lab E.P.J. A 60 (2024)9, 173

A. Accardi', P. Achenbach?, D. Adhikari®, A. Afanasev?, C.S. Akondi®, N. Akopov®,

M. Albaladejo’, H. Albataineh®, M. Albrecht?, B. Almeida-Zamora®, M. Amaryan'’,
D. Androié'', W. Armstrong'?, D.S. Armstrong'®, M. Arratia'*, J. Arrington'?,

A. Asaturyan'®, A. Austregesilo?, H. Avagyan®, T. Averett!?, C. Ayerbe Gayoso'?,
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JLab @ 22 GeV and EHM
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6.5 Bound Three-Quark Structure of Excited Nucleons and Emergence of Hadron

S D.S. Carman, R.W. Gothe, V.I. Mokeev, C.D. Roberts

6.5.1 The Emergent Hadron Mass Paradigm

The Standard Model of Particle Physics has one well-known mass-generating mechanism for the most el-
ementary constituents of Nature, viz. the Higgs boson [295, 296], which is critical to the evolution of the
Universe. Yet, alone, the Higgs is responsible for just 1% of the visible mass in the Universe. Visible mat-
ter is constituted from nuclei found on Earth and the mass of each such nucleus is largely the sum of the
masses of the nucleons they contain. However, only 9 MeV of a nucleon’s mass, my = 940 MeV, is directly
generated by Higgs boson couplings into quantum chromodynamics (QCD). Evidently, as highlighted by
Fig. 46, Nature has another, very effective, mass-generating mechanism. Often called emergent hadron mass
(EHM) [202, 297-299], it is responsible for 94% of my, with the remaining 5% generated by constructive
interference between EHM and the Higgs boson. This makes studies of the structure of ground and excited
nucleon states in experiments with electromagnetic probes a most promising avenue to gain insight into the
strong interaction dynamics that underlie the emergence of the dominant part of the visible mass in the
Universe [105, 202, 300-302].

proton mass budget

Figure 46: Proton mass budget, drawn us-
ing a Poincaré-invariant decomposition: emer-
gent hadron mass (EHM) = 94%; Higgs boson
(HB) contribution = 1%; and EHM+HB inter-
ference = 5%. (Separation at renormalization
scale ¢ = 2GeV, calculated using information

from Refs. [22, 303-305)). * 16 editors
EHM+HB 444 authors

EHM
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