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> Why are y NN* electrocouplmgs Interesting? Problng bound valence quarks, baryon
wave functions, the emergence of mass, and finally strong:-QCD.

» What is needed beyond CLLAS12? Beam energy and a high-acceptance (exclusive),
and high-luminosity detector (beam time) with good W resolution.
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Emergence of Hadron Mass Traced by Electromagnetic Probes

3g-core+MB-cloud

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

> The SM o diverges as Aycp” approaches zero, but
conflnement and the meson cloud heal this artificial
dlvergence as QCD becomes non-perturbative.
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Hadron Structure with Electromagnetic Probes

. » Study the structure of the nucleon spectrum in the domain
,P,. .. Q where most of the mass is generated by the strong field.
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Emergence of Hadron Mass Traced by Electromagnetic Probes

» Study the structure of the nucleon spectrum in the domain

,P,. .. Q? where most of the mass is generated by the strong field and
P -~ low dressed quarks are the major active degree of freedom.
@ q

SAAT Zhu- Fang Cui et al., Chin. Phys C 44 (2020) 083102/1-10

04 I\/IB & dressed quark LQCD CSI\/I and

3g-core+MB-cloud % S
O :
- 0.3¢
SN 2
> i
£ 02|
3g-core 3 [ i
%5 0.1 | . current quark :
00 le.m. probe R s
pQCD high ? 1 2 3 4
k/ GeV

- Ralf W. Gothe C|Q§~3 Science at the Luminosity Frontier, January, 23-25, 2023



Hadron Structure with Electromagnetic Probes

Rolf Ent
2 » The pion, or a meson cloud, explains light-quark asymmetry
T.,P,®. .. Q of the sea quarks in the nucleon.
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Emergence of Hadron Mass Traced by Electromagnetic Probes

. » Study the structure of the nucleon spectrum in the domain
,P,. .. Q where dressed quarks are the major active degree of freedom.
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Hadron Structure with Electromagnetic Probes

. » Study the structure of the nucleon spectrum in the domain
T,P,0. .. Q where dressed quarks are the major active degree of freedom.

N\ low » Explore the formation of excited nucleon states in interactions
A l k of dressed quarks at various distance scales and their
“AAT emergence from QCD.
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Data-Driven Data Analyses

. Lacb

S " ST T T T Hadronic
Int. J. Mod. Phys. E, Vol. 22, 1330015 (2013) 1-99 production

Consistent Results /
Single Pion t |

QCD

Reaction | . Amplitude
Models analysis

Electromagnetic
production
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Exclusive Single it~ Electroproduction off the Deuteron

Y. Tian et al., Phys. Rev. C 107, 015201 (2023) 26
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Exclusive Single it~ 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
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Importantly, the existence of a zero in F,
Is not influenced by meson-cloud effects,
although its precise location is.

J. Segovia et al., Phys. Rev. Lett. 115, 171801 (2015)
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~Roper Transition Form Factors in CSM Approach
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Data-Driven Data Analyses

Consistent Results

Double Pion
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@-Independent Nrte Single-Differential Cross Sections

Q% W bin = [2.4,3.0)GeV?,[1.725,1.750)GeV Arjun Trivedi
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¢@-dependent Nnrt Single-Differential Cross Sections
Q2, W bin = [2.4,3.0)GeV?2,[1.725,1.750)GeV Arjun Trivedi
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¢@-dependent Nnrt Single-Differential Cross Sections
Q2, W bin = [2.4,3.0)GeV?2,[1.725,1.750)GeV Arjun Trivedi

Chris McLauchlin extracts the beam helicity dependent differential cross sections.
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Data-Driven Data Analyses

Consistent Results

1

» Single meson production:
Unitary Isobar Model (UIM)
Fixed-t Dispersion Relations (DR)

» Double pion production:
Unitarized Isobar Model (JM)

» Coupled-Channel Approaches:

EBAC = Argonne-Osaka
JAW = Jilich-Athens-Washington = JuBo

BoGa = Bonn-Gatchina "\ﬂy

Hadronic Electromagnetic
Int. J. Mod. Phys. E, Vol. 22, 1330015 (2013) 1-99 production production

| Reaction . Amplitude
Models ~analysis
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N(1440)P,, and N(1520)D,; Couplings from CLAS

Viktor Mokeev
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Consistent results obtained in the low-lying resonance region by independent analyses
in the exclusive Nw and pr*r- final-state channels — that have fundamentally different
mechanisms for the nonresonant background — underscore the capability of the reaction
models to extract reliable resonance electrocouplings.

Phys. Rev. C 80, 055203 (2009) 1-22 and Phys. Rev. C 86, 035203 (2012) 1-22
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Emergence of Hadron Mass
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Emergence of Hadron Mass

K. Raya et al 2022 Chinese Phys. C 46 013105
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Preliminary RGA CLAS12 Data Analysis: prtr-
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¢@-dependent Nnrt Single-Differential Cross Sections
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Achievable (W,Q2) Coverage at 22 GeV

Simulated Reconstructed

W vs Q2 22.0 GeV Beam Energy

Simulated Reconstructed

W vs Q? 10.6 GeV Beam Energy

Krishna Neupane

Measured Reconstructed

W vs Q2 10.6 GeV Experiment

3.0
30
0.06 10 10
25
25
0.05 8 8
2.0
20
_ 0.04 __ _
> z © z ©
(@] (@] 1.5 (@]
Y15 - -
4 4
1.0
10 0.02
2 2
5 0.01 0.5
0 : : : 0 : : : 0 : : :
1.0 1.5 2.0 25 1.0 15 20 25 1.0 1.5 2.0 25
W (GeV) W (Gev) W (GeV)

HSG is currently simulating:
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v KY Dan Carman
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» Comparison to RGA Fall 2018
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Inclusive Structure Function in the Resonance Region
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TWOPEG tries to extrapolate cross sections based on inclusive structure functions.
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TWOPEG Formfactor Extrapolation to 30 GeV?

lulita Skorodumina
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point like monopole dipole

2

F(Q?) =1 F(Q%) = (1 T 0.7 Ge VZ)-l F(Q%) = (1 t 07GZeV2)-2

DIS background resonance excitation
é Inclusive, semi-inclusive, exlusive: é
each channel has a different Q? dependence
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Formfactor Extrapolation to 30 GeV?

500 Int Cross-Section Ratio (Arjun/Twopeg) vs Q% Krishna Neupane
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Formfactor Extrapolation to 30 GeV?
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Formfactor Extrapolation to 30 GeV?
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Acceptance for Exclusive pr*n~ Final State

Alexis Osmond & Krishna Neupane

Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
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Hadronic Cross Section for Exclusive pr*n~ Final State

Alexis Osmond & Krishna Neupane

Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
Integrated Hadronic Cross Section (ub) Integrated Hadronic Cross Section (ub)

30 12

Q? (GeVv?)

5 I [

T S 5 e 3
I

---

1.6 17 1.8 1.9
W (GeV)

%{j\iﬁéﬁb‘ﬁmﬁ Ralf W. Gothe C|Q§~3 Science at the Luminosity Frontier, January, 23-25, 2023

37



Integrated Luminosity Needs for Exclusive pa'n~

Alexis Osmond & Krishna Neupane

Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
Needed Integrated Luminosity (cm-2) Needed Integrated Luminosity (cm-?)
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Integrated Charge Needs for Exclusive pa'n™

Alexis Osmond & Krishna Neupane

Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
Needed Integrated Charge (C) Needed Integrated Charge (C)
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Beam Time Needs for Exclusive pa*a™

Alexis Osmond & Krishna Neupane

Based on RGA Fall 2018 Luminosity of 5.96 1034 cm=2stat45nAand 5¢cm LH,
Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
Needed Years at 5.96 10%* (cm=s?) Needed Years at 5.96 10%* (cm=s?)

30 10t 12.0

10°
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10-3
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Implementing all analysis cuts (3/2), Golden Run Selection (3), PAC Days (2)
—) 8 (16) years at 5.96 103* cm2 st or 11 (22) month at 5 10%° cm=2 s
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Beam Time Needs for Exclusive pa*a™

Alexis Osmond & Krishna Neupane

Based on RGA Fall 2018 Luminosity of 5.96 1034 cm~stat 45nAand 5cm LH,
Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
Needed Years at 5.96 1034 (cm2s1) Needed Years at 5.96 10%* (cm=s?)

30

Q? (GeV?)

15 16 1.7 1.8 1.9 2.0 . 1.6 1.7 1.8 1.9
W (GeV) W (GeV)

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

—) 8 (16) years at 5.96 103* cm2 st or 11 (22) month at 5 1035 cm2 s
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Hadron Structure Needs for CLAS20+

Q?-coverage of

Range of quark

Fraction of
dressed quark

e Beam energy 22 GeV

SOUTH(AROII

electrocouplings momenta k mass at k<k o Nearly At acceptance
CLAS <5 GeV? < 0.8 GeV 30%
CLAS12 <12 GeV? <1.2 GeV 509%
’ CLAS24 FHM
CLAS20* < 35 GeV? <2.0GeV 90% CLASI2 k=/Q%/3
CLAS
Increasing knowledge on running dressed quark < 04 Continuum Schwinger
mass from the results on y,pN* electrocouplings. @ ™ SN Method
— 0.3}

Measured y,pN* electrocouplings of most 9-% : ]
prominent N* states of different structure will g 0.2 : Dressed gluons ]
provide sound evidence for understanding how the — [ :
dominant part of the hadron mass and the N* = 0.1 : - ';

i i = [ .. Dressed quarks _
structure itself emerge from QCD and will make 0.0! s e s
CEBAF@20+ GeV the ultimate QCD-facility at Tk - : 2 S 3 e 4
the luminosity frontier.

/ k (GeV)
Luminosity “frontier” is the unique advantage of JLab.
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Hadron Structure Needs for CLAS20+

Q?-coverage of

Range of quark

Fraction of
dressed quark

electrocouplings momenta k mass at kek

CLAS <5 GeV? <0.8 GeV 30%
CLAS12 < 12 GeV? <1.2GeV 50%
CLAS20* < 35 GeV? <2.0GeV 90%

Increasing knowledge on running dressed quark
mass from the results on y,pN* electrocouplings.

Measured y,pN* electrocouplings of most

prominent N* states of different structure will
provide sound evidence for understanding how the
dominant part of the hadron mass and the N*
structure itself emerge from QCD and will make
CEBAF@20+ GeV the ultimate QCD-facility at

the luminosity frontier.

e Beam energy 22 GeV
* Nearly 4w acceptance

" 0 JLabEG4(2022)

M Jlab E97110(2022) ]
¢ JLab EG1idvcs

Hall A/ICLAS %
JLab CLAS (2008)
JLab CLAS (2014)
DESY HERMES
CERN COMPASS
CERNSMC
CERN OPAL
SLAC E142/E143
SLAC E154/E155
JLab RSS
Fermilab

K [GeV]

Luminosity “frontier” is the unique advantage of JLab.
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Hadron Structure Needs for CLAS20+

e Beam energy 22 GeV e High luminosity detector
* Nearly 4w acceptance e High momentum resolution
—~ — o Studies of exclusive reactions
N‘w [ ] cuas22 ‘ . -
5 10 2 N(1440)1/2
2 10% . . O 60
7] B EIcC n. 1 S
g ] _.._ ......... e E}FE g 40 :
E | X T
— gk T -= \"':l 20 i
= ] < of
; ; ] | -20
10 100 1000 i
Center-of-Mass Energy /s (GeV) a0 [
Both EIC and ElcC would need 60 A5
much higher luminosity to carry out I | . » | |
this program. 0 1 2 3 4

5
2 2
Extend up to 35 GeV? aCo)

Luminosity “frontier” is the unique advantage of JLab.
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B Y,PN* and EHM

. particles ﬁﬁ)\l’y

Review Preprint no. JLAB-PHY-23-3744, NJU-INP 069,23
Nucleon Resonance Electroexcitation Amplitudes and Emergent e-Print: 2301.07777
Hadron Mass

Daniel S. Carman (), Ralf W. Gothe 2, Victor I. Mokeev 1, and Craig D. Roberts 341+

Abstract: Understanding the strong interaction dynamics that govern the emergence of hadron
mass (EHM) represents a challenging open problem in the Standard Model. In this paper we
describe new opportunities for gaining insight into EHM from results on nucleon resonance (N*)
electroexcitation amplitudes (i.e. o pN* electrocouplings) in the mass range up to 1.8 GeV for virtual
photon four-momentum squared (i.e. photon virtualities Q?) up to 7.5 GeV? available from exclusive
meson electroproduction data acquired during the 6-GeV era of experiments at Jefferson Laboratory
(JLab). These results, combined with achievements in the use of continuum Schwinger function
methods (CSMs), offer new opportunities for charting the momentum dependence of the dressed
quark mass from results on the Q2-evolution of the 7, pN* electrocouplings. This mass function
is one of the three pillars of EHM and its behavior expresses influences of the other two, viz. the
running gluon mass and momentum-dependent effective charge. A successful description of the
A(1232)3/27 and N(1440)1/27 electrocouplings has been achieved using CSMs with, in both cases,
common momentum-dependent mass functions for the dressed quarks, for the gluons, and the
same momentum-dependent strong coupling. The properties of these functions have been inferred
from nonperturbative studies of QCD and confirmed, e.g., in the description of nucleon and pion

check for elastic electromagnetic form factors. Parameter-free CSM predictions for the electrocouplings of the
i "p:am S Gt R A(1600)3 /2" became available in 2019. The experimental results obtained in the first half of 2022
itation: Carman, D.5,; Gothe, EW.,;

Mokeev, V.L; and Roberts, C.D. have confirmed the CSM predictions. We also discuss prospects for these studies during the 12-GeV

Nucleon Resonance Flectroncitation —arg gt JLab using the CLAS12 detector, with experiments that are currently in progress, and canvass

and Emergent Hadron Mass. Particles

2023,1,1-23. https://doi.org/ the physics motivation for continued studies in this area with a possible increase of the JLab electron
Received: 2023 Jan 09 beam energy up to 22 GeV. Such an upgrade would finally enable mapping of the dressed quark mass
Accepted:

Do over the full range of distances (i.e. quark momenta) where the dominant part of hadron mass and

N* structure emerge in the transition from the strongly coupled to perturbative QCD regimes.
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Hadron Structure with CLAS20+

Hadron Structure Group in Hall B is developing a physics case to
support CLAS20+ upgrade.

List of Participating Institutions:
R e Jefferson Lab (Hall B and Theory Division)

Itis worth recalling that examination of the ground state of the hydrogen atom did not give tabl
us QED. It did not even bring us close. Equally, studies of the ground state of the proten ¥

alone cannot reveal whether QCD is truly the theory of strong interactions in the Standard cal “: re of - - -

Model or, if it is, whether any given body of analyses has uncovered its solution. The ge of lings [ U n IVe rS I t Of CO n n eCtI C ut

future of hadron physics lies in high-energy, high-luminosity facilities that are capable of | k7l

maving beyond the 100-year-lang focus on the structure of the ground state of the praton quark Csm critical

to deliver insights that will dramatically expand our store of knowledge concerning the Ind g prove nge of ° = =

complete array of Nature’s hadrons. In this context, studies of the structure of excited ssing form 1 G U t d I N F N f G

nucleon states (N*s) from the data on exclusive meson electroproduction in terms of the ndent nent, d( T;\:s e n Ova n Ive rS I a'n O e n Ova

Q2 evolution of their electroexcitation amplitudes, i.s. their xpiN* electrocouplings, offer a self- il e

unique opportunity to explore many facets of the strong interaction in the regime of large how L i ”\?Eﬁvm - -

{comparable with unity) QCD running coupling {i.e. the strong QCD regime) that are ith a y the pv- we [ Lam ar U n Ive rS It

avident in the distinctively differsnt structural features of these excited states (1-5]. Data sured on of reiries

on the #pN* electrocouplings over a broad range of Q2 are critical in order to explore the h the :d:.:lrll‘ z‘a’czgg

evolution of the strong interaction in the transition from the strong to the perturbative QCD ara; ) - - -

regimes [1,2,6,7]. These electrocouplings provide the needed experimental input for the an: ems m the pces in [ ] O h I O U n IVe rS I t

development of the theoretical approaches necessary for the description of the structure from looks arison pt least

of bath the ground and excited nucleon states starting from the QCD Lagrangian, as well in 2V erent posana

as within advanced quark models. loped ferent ‘Ndé'lA ° - - -
Skobeltsyn Nuclear Ph Institute and Ph

The Hadron Structure Group at JLab proposes to extend the studies of the pN* essgd 0 e S n u C e ar S I CS n S I u e an S I Cs

electrocouplings from exclusive meson electroproduction processes initiated with the acility pected

CLAS detector in Hall B at beam energies up to 8 GeV and continued with the CLAS12 lings  ler than 1 1

detector at beam energies up to 11 GeV, to a proposed CLAS24 configuration at beam Zlﬂ?s mass e pa,r I I I e n a O I I I O n OSOV OSCOW a. e n IVe rS I y
energies up to 24 GeV. Such experiments at the highest photon virtualities Q2 ever hge of ks with
achieved (10-36 GeV?) in studies of exclusive meson electroproduction will allow for the I fully minant

realization of the goal to improve our understanding from the description of these data bative nearly ° U n |Ve rS It Of SO th Caro I I n a
into the fundamental underpinnings of the mechanism for the emergence of hadron mass sased y u
(EHM) in these strongly interacting N* baryon states. The proposed experimental L most
program, along with the associated experiments in JLab Halls A/C and the planned ance . . . .
studies at AMBER@CERN, EIC, and EicC focused on the structure of wand K mesons g d °
[2,11], are of particular importance in order to understand the dynamics of the processes pn an eZ I O m a O r e rg a a an n Ive rS I a I O m a
that generate the dominant portion of visible hadron mass in the Universe [1,2,8,9,10].
The current quark masses that enter into the QCD Lagrangian are generated by the Higgs TO r Ve r ata
mechanism, and account for less than 2% of the mass of the proton and neutron. bs vs.
Therefore, understanding how these bare current quarks evolve into the fully dressed on for ) 32+
cor like quarks relevant for the structure of baryons and mesons is sition good .= - - ag= - -
one of the most fundamental and still open prablems within the Standard Model. Recent o the N U t d ﬁ I ‘t d t t t
rapid and significant pregress in the development of Continuum Schwinger function fation b anJ I n g n IVe rsl y a.n a. I Ia e I nS I u eS
Methods (CSMs) [9,10], achieved by an international group of physicists and coordinated L and ssed
by the Institute for Nonperturbative Physics at Nanjing University, has provided a concept Ms to cleon - - -
for understanding EHM, which has been tested in comparisons with, infer aia, [ T b g U ty
on as
onas ubingen universi
| This bis. - - - . -
rated
mass
e » Tomsk State University and Tomsk Polytechnic University
| ) JLab
Z line).

James Madison University

—
[ ]

—
w

https://userweb.jlab.org/~carman/clas24
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