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> Virtual Lepton Scattering: Hadronic versus partonic perspective!
> ¥, NN* Form Factors: Probing emergent dressing of bound valence quark!
> Status Quo and Outlook: New results with extended scope and kinematics!
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Hadron Structure with Electromagnetic Probes

» Study the structure of the nucleon spectrum in the domain
Q2 : :
T,P,0. .. where dressed quarks are the major active degree of freedom.

Explore the formation of excited nucleon states in interactions
of dressed quarks and their emergence from QCD.
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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
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Transition

Form Factors

UNIVERSIT

Y, B ¢ 3 -
S()U]’H(AROfmy Ralf W. Gothe C|an Strong QCD from Hadron Structure Experiments IV @ a4 &K 3




Hadron Structure with Electromagnetic Probes

» Study the structure of the nucleon spectrum in the domain

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

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

% 0.4} meson dressed quark LQCD DSE and
3g-core+MB-cloud Q) :

~ 0.3; confinement — gluon

x : % / ----- - quark

i : \

> 0.2} £

= ; “

— l \‘

=< 0.1t ~ ;
3q-core o | " current quark j

= Le.m. probe e T~
0ok . . . . . . .. .

1 2 3 4

pQCD high ? k/ GeV

UNIVERSITY

S()U]’H(ARO[M’, Ralf W. Gothe C|Q§° Strong QCD from Hadron Structure Experiments IV @ ‘fl SR Z




Data-Driven Data Analyses

Consistent Results -

Single Pion t .
. LQCD N* A* DSE, QM

Reaction \,—)— Amplitude \
Models —<€— analysy
( Data

» g Hadronic Electromagnetic
Int. J. Mod. Phys. E, Vol. 22, 1330015 (2013) 1-99 production production
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Data-Driven Data Analyses

QCD

Consistent Results
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Data-Driven Data Analyses

Consistent Results aeb

t . LQCD

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

> Double pion production: Reaction |—5— Amplitude
Models analygy
Unitarized Isobar Model (JM) / o —
» Coupled-Channel Approaches: ) }

EBAC = Argonne-Osaka
JAW = Jiilich-Athens-Washington = JiiBo

BoGa = Bonn-Gatchina '\Da_y

Hadronic Electromagnetic
Int. J. Mod. Phys. E, Vol. 22, 1330015 (2013) 1-99 production production
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Electrocouplings of N(1440)P,, from CLAS Data
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Consistent results obtained in the low-lying resonance region by independent analyses
in the exclusive Nm and pr'n- 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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Roper Transition Form Factors in DSE Approach
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Importantly, the existence of a zero in F,

J. Segovia et al., Phys. Rev. Lett. 115, 171801
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is not influenced by meson-cloud effects,
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Roper Transition Form Factors in DSE Approach

N(1440)P,, J. Segovia and C.D. Roberts, arXiv:1607.04405
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Interplay between Meson-Baryon Cloud and Quark Core

N(1520)3/2- N(1675)5/2"
20 _ K. Park et al., PRC91 (2015) 045203
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Argonne-Osaka MB dressing (absolute values)
—— E. Santopinto and M. Giannini, PRC 86 (2012) 065202

The almost direct access to

* quark core from the data on N(1520)3/2-

* meson-baryon cloud from the data on N(1675)5/2-

sheds light on the transition from the confined quark to the colorless meson-baryon structure and its
dependents on the N* quantum numbers.
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History of Form Factors
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Evidence for the Onset of Precocious Scaling?

I. G. Aznauryan et al., Phys. Rev. C80, 055203 (2009)
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Evidence for the Onset of Precocious Scaling?

Ye Tian
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Evidence for the Onset of Precocious Scaling?

Ye Tian
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New Experimental
Approaches & Results
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Exclusive Single ™ Electroproduction off the Deuteron

Ye Tian

> Ps
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Exclusive Single ™ Electroproduction off the Deuteron

Ye Tian
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Exclusive Single ™ Electroproduction off the Deuteron

Ye Tian
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Below a missing momentum of 0.2 GeV the measured data coincides with the

resolution smeared theoretical Fermi momentum distribution.
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Exclusive Single ™ Electroproduction off the Deuteron
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Exclusive Single ™ Electroproduction off the Deuteron
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Exclusive Single ™ Electroproduction off the Deuteron
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Exclusive Single ™ Electroproduction off the Deuteron
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Exclusive Single ™ Electroproduction off the Deuteron

W=1 21956e\ 072N EGsV2 cocfi=n0 W=t 21 020 5GeV?_cnsfi=n
22 2
20| 20| .
= 18 = 18
Q2=0.5 GeV? 13 1 Ye Tian
— . g 0 §
L -
4] 4
2 2
0 30 100 150 s 200 250 00 30 nﬂ 30 100 150 4 200 50 300 EE]
W=17175Gel 0= AGev? cosf=05 » W=12195Gel_ 07N AGel’ cosf=03
2 b .
; . Inclusive:
W=1212 MeV g g 113
! i Gary Hollis
2
nﬂ S0 100 150 9, 200 250 300 350
W=12125Gey 0= 5Gev cosfl=01
W = 1488 MeV it 3 W =1662 MeV
4
ﬁ 50 100 150 . 200 250 300 350 o sn Ana 150 P D) ELT) ECT)
~  W=14875GeV. Q7= 56V, cosf=-0.9 £ W=14875GeV, @°=05GeV?, cosf=07 § W=148TEGe, @70 5GeV?, cosB=05 3 =1.66750ey, * 20 5GeV? cosB =07 3= W=16625GeV, Q=0 5GeV cosd.=-05
F M quasi-free F M quasi-free E
5F @ exclusive 5F 5F c 28 @ crcisive = 25
= F = F = g 2 A MAID2000 g 25
ps A MAIDZ000 s G4 g, 4540 £
N #SAID =N = G0 g E
R I 3° B
T k== =] 5 S99 — 0.5
B2F B2 B2 \ N \ \ E ! E !
Tt T L = O 50 100 150 ¢ 200 250 300 350 % 50 100 150 ¢ 200 250 300 350
15 1T 1 ’ :
o — E Ty ; s, W) A - W=1 B625GaY. Q=0 5GeV°_cosa.=03 - W=1.6625GeV. 0°=0.5GeV". cosb.=0.1
cb 50 100 1504200 250 300 350 00 50 100 1504200 250 300 350 D0 50 100 1. 773200 250 300 350 E E
* . * _ 25E = 25F
A W=1.4875GeV, @°=0 56V, costi=-0.3 f W=14875GeV, Q°=0.5GeV", cosh.=0.1 B W=14875GsV, ©=D 5GeV, cosf=0.1 § 2;_ § 22_
OF oF & 1.5 & 1.5
E E b =+—+—+——-|-__+__+_+__+_.-|-—+—‘l—+- T FE
5F 55 5 :E T
= F = F = 0.5 0.5]
o 4r L 4- 24F 5 | . L \ s
=l 2t = 0 B0 100 180 g 200 250 300 380 o 50 100 160 4 200 250 300 350
iy e Pt ' ’
S0 = T W=1.6625GeV, Q=0 5GeV”. cos8,=0.1 W=16625GeV_0°=0 5GeV? cosp=03
g 2r g 2- €2 3E 3E
o F s F k-] E E
C = 25 25
1= 1= = E = E
E 2 2 F
0{; [ ——— [ L Gd_ — e sl B | GU — I | % E % E
50 100 1504200 250 300 350 50 100 1504200 250 300 350 50 100 1504200 250 300 350 ] 15 ] 15E
: F 3
& W=14B75GaV. 0°=05GaV: cos.=03 A W=14B75GeV, Q°=D 5GeV’, cos8=0 5 g W=1.4875GeY, Q=D 56eV7, coshi=0 7 052 R = |
E E L'y 50 100 150 ¢ 260 250 300 350 o5 50 100 1580 4 200 250 300 350
5F 5+ 5F ’ :
Fa a4 a4 - W=16625GeV, Q*=0.5GeV?, cosa =05 s
g EN el 3
o I3 FE 5 5
g g = £ 1.
L3 £ s 3 155 318
C =} E -}
1 s 1 3 B 3!
E ‘ o ‘ E 0.5 0.5
Do S o ——— | L. i E
G(J 50 100 150@00 250 300 350 0(J 50 100 150(@00 250 300 350 D0 50 100 150¢,?00 250 300 350 O — i s 0

150 5 200 250

UNITV ERS

I T Y0, b4 >
UTH Oﬂ}ﬂ[}%@ Ralf W. Gothe C|Qg" Strong QCD from Hadron Structure Experiments IV Al 5 A % BRI

perrarh;
)




Single © ~ Electroproduction otf the Deuteron

Ye Tian Gary Hollis
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Single 1t~ Electroproduction off the Bound Neutron
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Single ™ Electroproduction off the Bound Proton
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N7n'n~ Electroproduction Kinematic Coverage

Gleb Fedotov
— 40¢ — . — ~ — _ Phys. Rev. C 98, 025203 (2018)
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Integrated Nnt'nw ™ Cross Sections
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Unfolding Fermi Smearing via Event Generator
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Integrated Cross Section off the Proton in Deuteron
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Comparison with Free Proton Cross Section
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G. Fedotov under paper review
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Isolating FSI of Various Final Hadrons

Tuliia Skorodumina

« The quantity P  incorporates information on FSI of each hadron type (p, n", and 7).

« The quantity M~ absorbs only information on FSI of each of the two registered final hadrons, while the information
the unregistered hadron is not used in the calculation of M .

 This remarkable feature offers the opportunity of isolating FSI contributions from various pairs of final hadrons
considering the missing masses related to the corresponding third hadron.
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;'\[_{.[r] isolates pn and 7'n FSI M‘%W] isolates pn and nn FSI M:)-[pf] isolates 'n and m n FSI
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Resonance Formation in Pion-Neutron Formation

Tuliia Skorodumina
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¢@-dependent N7t Single-Differential Cross Sections

Krishna Neupane Arjun Trivedi

Relative vield in O%-WW bins of analysis region
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¢-dependent Nt Single-Differential Cross Sections
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First Radial A-Excitation from N7ttt Cross Sections
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First Radial A-Excitation from N7ttt Cross Sections
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A couplings predicted within continuum QCD
Ya Lu et al., arXiv:1904.03205 [nucl-th] Viktor Mokeev (JM19)
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¢-dependent Nt Single-Differential Cross Sections
Q2, W bin = [2.4,3.0)GeV2,[1.725,1.750)GeV Arjun Trivedi

‘ R2, for Q2,W = 2.40-3.00_1.725-1.750 ‘ R27, for Q2,W = 2.40-3.00_1.725-1.750
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¢-dependent Nt Single-Differential Cross Sections
Q2, W bin = [2.4,3.0)GeV2,[1.725,1.750)GeV Arjun Trivedi

Chris McLauchlin extracts the beam helicity dependent differential cross sections.
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CLAS12
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Preliminary RGA CLAS12 Data Analysis: prttn-
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Preliminary RGA CLAS12 Data Analysis: prttn-

Arjun Trivedi
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Single Particle Efficiency: Experiment
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Single Particle Efficiency: Simulation
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Single Particle Efficiency
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Anticipated N* Electrocouplings from Combined Analyses of Nt/Nnn
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Open circles represent projections and all other markers the available results with the 6-GeV electron beam

» Examples of published and projected results obtained within 60d for three prominent
excited proton states from analyses of N and Nnwt electroproduction channels. Similar
results are expected for many other resonances at higher masses, e.g. S,(1650), F,s(1685),
D;5(1700), P5(1720), ...

» The approved CLAS12 experiments E12-09-003 (NM, Nnt) and E12-06-108A (KY) are
currently the only experiments that can provide data on 7, NN* electrocouplings for almost
all well established excited proton states at the highest photon virtualities ever achieved in

N* studies up to Q2 of 12 GeVz, S€¢€ http://boson.physics.sc.edu/~gothe/research/pub/whitepaper-9-14.pdf.
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Dynamical Mass of Light Dressed Quarks

CLAS CLAS12 EIC
| ' | '
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DSE and LQCD predict the
dynamical generation of the
momentum dependent dressed
quark mass that comes from the
gluon dressing of the current
quark propagator.

These dynamical contributions

account for more than 98% of
the dressed light quark mass.

DSE: lines and LQCD: triangles

Q? =12 GeV? = (p times number of quarks)?> =12 GeV? — p=1.15GeV

The data on N* electrocouplings at 5 GeV? < Q?< 12 GeV? will allow us to chart
the momentum evolution of dressed quark mass, and in particular, to explore the
transition from dressed to almost bare current quarks as shown above.
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Summary

» First high precision photo- and electroproduction data have become available
and led to a new wave of significant developments in reaction and QCD-based
theories.

» New high precision hadro-, photo-, and electroproduction data off the proton

3g-coretMB-cloud

and the neutron will further stabilize coupled channel analyses and expand the

validity of reaction models, allowing us to 1
» investigate and search for baryon hybrids (E12-16-010) ,

» establish a repertoire of high precision spectroscopy parameters, and

3g-core

» measure light-quark-flavor separated electrocouplings over an extended Q>-range,
both to lower and higher Q?, for a wide variety of N* states (E12-16-010 A). i
» Comparing these results with LQCD, DSE, LCSR, and rCQM will build
further insights into J\
» the strong interaction of dressed quarks and their confinement, /
LLacd —— Nvar cam,DsE
» the origin of 98% of nucleon mass, and , N
» the emergence of bare quark dressing and dressed quark interactions from QCD. }

» A close collaboration of experimentalists and theorists has formed, is Reaction | A:::E@
growing, and is needed to push these goals, see Review Article Int. J. Mod. |
Phys. E, Vol. 22, 1330015 (2013) 1-99, that shall lead to a strong QCD theory that /
describes the strong interaction from current quarks to nuclei. . Data
ECT*2015, INT2016, NSTAR2017, APCTP2018, JLab2019, sQCD 2021 ...  pogucton H rodcton
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