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Outcome of the Experiments with Electromagnetic Probes (Highlights)

« Completion of the light (S=C=B=0) meson and baryon spectrum exploration
from exclusive photo-, electro-, and hadro-production data finalizing the
search for "missing” resonances, new hybrid and multi-quark states.

« Considerable extension of the information on the 1D-structure of the ground
state mesons and nucleons in terms of different meson form factors, nucleon
elastic form factors, and PDFs getting insight to the process-independent
QCD running coupling.

 Aunique information on many facets of strong QCD in generation of the
excited states of nucleon with different structural features from the results
on transition y,pN* electrocouplings.

* Insight into the 3D-structure of the ground nucleons from semi-inclusive-DIS,
DVCS , and DVMP data within the GPD and TMD concepts.

« Opportunity to map-out the energy-momentum tensor of the ground nucleons
in terms of mass, angular momentum, and force (pressure) distributions
determinedfrom the DVCS and DVMP data.
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Insight into the Strong QCD from the Synergy between Experiment,
Phenomenology, and Theory

Experiment Theory

Observables from the
Experiments with the
EM Probes:

« Differential cross sections

« Beam asymmetry

« Target asymmetries

* Recoil asymmetries

« Combinations of 2-fold
and 3-fold asymmetries

OCD Lagrangian:

Strong QCD
underlying
the hadron
generation
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Phenomenoloqy:
« Amplitude analyses
« Reaction models

U

Elastic/Transition form factors
PDFs, PDA, TMD-functions
Compton form factors

Projection of GPD to observables

Y YNV

U

« Lattice QCD
« Continuum QCD

Light front quark models
AdS/CFT approaches

v Quark-Soliton models

Hypercentral quark model
Covariant quark models
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The Workshop Objectives and Highlights

Major objective: Forge the synergistic efforts between experimentalists,
phenomenologists, and theorists in order to gain insight into strong QCD
dynamics underlying the hadron generation from the data of the experiments
with EM probes on the spectra and structure of the ground and excited hadrons.

Status and prospects for the experimental studies
V.D. Burkert, Exploring Strong QCD in the JLab Experiments of the 12 GeV era

Theoretical interpretation

J. Qiu, New Horizons for Strong QCD Theory in the 12 GeV era at Jlab

C.D. Roberts, Relating Experimental Studies of Hadron Structure to Strong QCD Within
the Unified Continuum QCD Framework

Extending the nucleon structure studies in 3D
M. Vandergaedhen, Ground and Excited Nucleon Structure in 3D

Towards understanding of the atomic nuclear structure from QCD
J.P. Draayer, Paving the way to Understand Nuclear Structure from Strong QCD

Preparing to the new era of experiments with the USA EIC
R.G. Milner, Studying QCD with the Electron-lon Collider
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Advances in Exploration of the N*-Spectrum

GeV

Several new nucleon resonances (" missing” states) have been discovered

with the decisive impact of the CLAS open strangeness photoproduction V.D. Burkert
data. A.V. Anisovich et al.,Phys. Lett. B782, 662(2018),
V.D. Burkert, Few BOdy SySt' o9, 57 (2018)' Nucleon resonances listed in Particle
N*/A* Spectrum 2019 Data Group (PDG) tables
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« [70,2+] supermultiplet gets populated.

« Confirmation of the essential role of the SU(6) spin-flavor approximate symmetry in the generation
of the N* spectrum

*  Where are the other N* expected from SU(6) spin-flavor symmetry?
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Polarization Observables T, P, H (yp — pn%z%): CBELSA/TAPS
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Latest w photoproduction results ¢|ng$

YP—>pP®
' W=1744 MeV W = 1758 MeV W=1773 MeV W = 1787 MeV W = 1801 MeV i

W E, = 1152 MoV E, = 1179 MeV E, = 1206 MoV E, = 1233 MeV E, = 1260 MeV W CAS PR CoII|‘ns et _O’I"‘PLB 773,112 (2017_)

' - 547 data points distributed over 28 W bins

O GRAAL (2006)
® GRAAL (2015) E. Pasyuk

O CB-ELSA/TAPS (2015)

i W=1815MeV | W=1829MeV | W=1843MeV | W=1856 MeV | W =1870 MeV
E, = 1287 MeV E, = 1314 MeV E, = 1341 MeV E, = 1368 MeV E, = 1395 MeV

+A.

o4

s ol B B | oy A

_ * BnGa fit with (black solid line) and without (black
[ W=1883 MeV W = 1897 MeV W =1910 MeV W = 1923 MeV W = 1936 MeV . . .
0.5 Ei=1422MeV | E/=1449MeV | E =1476MeV | E =1502MeV | E,=1529 MeV dashed line) incorporating these new data

'

1 * Close to threshold the process is dominated by
_ v 3/2* and 5/2* partial waves associated with
EZissaMev | E - isaamev | E -icoomev | E-icssmev | E-ieesmev | N(1720)3/2* and N(1680)5/2*

Implementation of new results from the
less explored exclusive photoproduction

[ W=2012 MeV

W=2025MeV | TW=2037 MeV | | W =2049 MeV | W = 2061 MeV . :
0.5, 5= 1689MeV | E =1716 Mev I?=1743Mev T+E,=1769Mev E=1796Mev |  channels into the g|0ba| multichannel

Se g eeaaet T

analyses facilitate further search for new
% | ™ | baryon states shedding light on driving
ey |{ESmeney | 000 TS oe,) Symmetry for the N* spectrum
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Pion Form Factor (2019)

"h'u':u"'u:-p-:--i:nle ..... .
DSE 20137

Hard QCD obtained with the PDA -
||_2 s appropriate to the scale of the experiment 4

0 5 10 15 20
Q? (Ge\?2)
[L. Chang, etal, PRL 111 (2013) 141802, PRL 110 2013) 1322001]

Compared to one calculation here — there are others,
e.g Braun et al

Constraints from the data on pion BS
amplitudes are of particular importance in
order to shed light on hadron mass
generation

C. Aguilar et al., Eur. Phys. J. A55,190
(2019)

T. Horn

O J Volmeretal, PRL 86 (2001) 1713 — 305 citations

#»  Precision F_ results between Q=060 and
1.60 GeV?

T. Hom et al_, PRL 97 (2006) 192001 — 236 citations

»  Precision F_ results at Q°=1.60 and 2.45 GeV?

V. Tadevosyan, et al., PRC75 (2007) 055205 — 200 ct's

G. Huber et al., PRC78 (2008) 045203 — 175 citations

»  Archival paper of precision F_, measurements 6 GeV

H. F. Blok et al., PRC78 (2008) 045202 — 101 citations

#  Archival paper of precision LT separated cross sections

T. Hom et al., PRC78 (2008) 058201 — &2 citations

# LIT cross sections and F_at Q%=2.15 GeV?
.exploratory at Q%~4 0 GeV?

Flus several spin-off papers on, e.g. /T separations
in m and @ production, high-t, transverse charge
density (2012-present) 1
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JAMT9 PDFs

arXiv:1905.03788 [hep-ph]
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SPIN STRUCTURE FUNCTIONS
IN THE LAST 40 YEARS > fuhn

L SATO, MELNITCHOUK, KUHN, ETHIER, and ACCARDI PHYSICAL REVIEW D 93, 074005 (2016) _
— _ “
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shown. For illustration each distribution is represented by a random sample of 50 fits.
Nobuo Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier, and A. Accardi:"lterative Monte Carlo
analysis of spin-dependent parton distributions”, Phys. Rev. D 93, 074005 (5 April 2016).
L1 ‘ | ‘ Ll ‘ I -} ‘ L1l
0.6 0.7 0.8 0.9 1 A.DeurY.Prok,V.Burkert, D. Crabb, F.-X. Girod, K. A. Griffioen, N. Guler, S. E. Kuhn, and

X N. Kvaltine: “High precision determination of the Q2 evolution of the Bjorken sum”, Phys. Rev.
C 90, 012009 (July 2014).




LQCD/PQCD - hadron/nuclear structure

. . Ma and Qju, arXiv:1404.6860
[ Good lattice cross sections:
gn{ffﬂ 'g_-ﬂ--'u::l - -iFlT{I':_]" "J:-:::'HF} with w = P - ‘-Ii.! E:E # 0. and E:D — {]1 and
1) can be calculated in lattice QCD with precision,
has a well-defined continuum limit (UV+IR safe perturbatively), and
2) can be factorized into universal matrix elements of quarks and gluons

with controllable approximation P — \/s and £ — 1/Q define collision kinematics
(1 QCD factorization:

Gauge link vs propagator

-
=

.
.
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Hard-part Parton-distribution Corrections
Probe Structure Approximation

(d Tremendous potentials:

Access to large-x region, ...

Neutron PDFs, ... (no free neutron target!)

Meson PDFs, such as pion, kaon, ...

More direct access to parton flavor, ...
- 15t LQCD calculation of pion valence PDFs! J)gff.ea)n Lab
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Matching relations

Novel @ Basically, matching cornverts D (e, =3 ) into T (2, p%),
Concepts to i.e. =3-dependence of M(w, =3 ) into u = -dependence of T(w, p?)

Sl @ Matching condition between reduced pseudo-ITD and WS ITD (Y. Zhao 2017, A.R. 2017)
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Inclusive unpolarized cross sections
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Opportunity for the extraction of parton distributions accounting for the
resonant contributions computed from the experimental results on y, pN*

electrocouplings
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Parton Distributions in the Ground Nucleon from SIDIS

M. Radici
quark . *
. at leading twist
nucleon

Q u h=0 % hi = 1 Boer-Mulders
> L * f = O~- Byy, s - R L worm gear

é ' ' hy = (1 a transversity

8l fi5 =G qir = (= ;
hir = ’ pretzelosity
Sivers T worm gear

3D maps of
e partonic quantum correlations: spin-spin, spin-momentum (orbit)
e quantum correlations between partonic motion and macroscopic
nucleon properties (spin)
e partonic orbital motion (most TMDs vanish with no L9)

e color-gauge invariance and time-reversal symmetry of QCD
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Synergy between Experiments with Electron and Hadron Beams

The Pavia 2017 fit

first fit putting together SIDIS, Drell-Yan, and Z production
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Ground Nucleon 3D-image in the Momentum Space

The Pavia 2019 fit of Sivers firL (preliminary)

Fil, by =1}
Baccheita, Delcarro, Pisano, Radici

:: in preparation

L . "
3 . frlr.fp' I:.T. ;:'_'Ir":l = fﬂﬂ 'I:T,:'
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-]
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o M. Radici
(distorted) plots entirely based on data
CLOC/%[@%W %"’é T V.l. Mokeev, Strong QCD from Hadron Structure Experiments Workshop, NovEfber 6162019, Jlab, USA
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Ground States are Easy. Equally, Ground States are Insufficient

C.D. Roberts

» Results on N* structure and those for ground state nucleons & mesons cannot be
divorced.

» To validate any explanation, one must expose & study the properties of all systems that
can be produced by the theory & insist that the approach provide a truly unifying
explanation

A\

True for meson & baryon & hybrid & exotic sectors.

A\

Any claim to understand QCD must explain all these things simultaneously, e.g.
— How is emergent mass expressed in different bound-states?
— Are any differences readily understood?
— Are correlations an essential feature of all n > 3 valence-parton systems?

» A focus on ground-states alone is like
throwing out the baby and keeping the bathwater

. Craig Roberts. Emergence of Mass

17
Strong QCD and Hadron Structure Experiments ... 2019.11.5-9... JLab (pgs = 54)



Roper Resonance in 2002 & 2019

R.W. Gothe
2002 2019
& :'> 8T
% 50 8 : + “
g g 60_— +
4 *Hq o | + + ;
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-40 — A Nm
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-100 80
| | | | )
0 0.5 1 15 2 0 05 1 15 2 25 3 35 4 45
2 2
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Baryons 2002 Strong QCD Workshop 2019
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Summary of Results on y,pN* Electrocouplings from CLAS

Exclusive meson Excited proton Q2-ranges for extracted
electroproduction states v,PN* electrocouplings,
channels GeV?
n°p, mN A(1232)3/2* 0.16-6.0
N(1440)1/2*,N(1520)3/2", 0.30-4.16
N(1535)1/2-
N N(1675)5/2-, N(1680)5/2* 1.6-4.5
N(1710)1/2*
np N(1535)1/2- 0.2-2.9
TP N(1440)1/2*, N(1520)3/2 0.25-1.50
A(1620)1/2-, N(1650)1/2-, 0515
N(1680)5/2*, A(1700)3/2",
N(1720)3/2*, N’(1720)3/2*

The website with numerical results and references:
https://userweb.jlab.org/~mokeev/resonance_electrocouplings/

Y YNV
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N — A(1232) transition densities

M.Vanderhaeghen
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From Resonance Electrocouplings to Hadron Mass Generation

N—>A(1232)3/2*magnetic from factor +
J Seg ovia Jones-Scadron convention N(1440)1/2
. ]
R.W Gothe Quark core
<0 Quark core dominance
17 F TS dominance
Substantial | O\ ¢
) . q Seen
. o contributions| O\ T +
Dyson-Schwinger = | frommeson-| N\ T
Equations 05 1 baryon cloud| O\ ]
(DSE): 10 _

* J. Segovia et al., grt:)azlgi]mass.
Phys. Rev. Lett. 115, [ | _____.
171801 (2015). running
* J. Segovia et al.,
Few Body Syst. 55,
1185 (2014). 10> — '

10 1 10 % 2

Q’ GeV? Q* (GeV?)

« Good data description at Q%>2.0 GeV? with the same dressed quark mass function for the ground and
different excited nucleon states validate the DSE results on generation of dressed quarks as the
relevant degree of freedom in the structure of the ground and excited nucleons.

* v,PN* electrocoupling data offer access to the strong QCD dynamics underlying the hadron mass
generation.

Faddeev amplitude of the ground nucleon can be evaluated with the dressed quark mass

function and di-quark correlations checked against the data on gvpN* electrocouplings
Y Y N Ve

—_ (" , —
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Synergy in the Studies of the Ground and Excited Nucleon Structure

« Faddeev amplitude encoded a full information on the ground nucleon structure

« GPDs/TMDs can be evaluated from Faddeev amplitudes, plugged into the reaction
models for evaluation of the DVCS,DVMP/SIDIS observables and confronted with
the data

« Successful description of the DVCS,DVMP/SIDIS observables with the dressed quark
mass function and di-quark correlation amplitudes checked against the data on y,pN*
electrocouplings will confirm credible insight into the strong QCD dynamics underlying
the ground nucleon generation. will shed light on emergence of hadron mass and quark-
gluon confinement from QCD.
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3D Ground Nucleon Image From GPD

Talks by: L. Elouadrhiri, S. Liuti, M. Vanderhaeghen, A.Kim, M. Ben
Ali, C. Mezrag, Z-E. Mezziani (experiment/phenomenology advances)

« Studies of unpolarized DVCS/DVMP cross sections and
beam, beam-target asymmetries for different orientations
of the target-proton spin are needed

« Offer access to the GPDs at x=¢ or to the integrals from
GPDs

 The models are needed in order to gain insight into the
GPDs in an entire range of x, &, t

= (ollorsan gga/p y
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DVCS BEAM SPIN ASYMMETRY Clasg

EX. Girod et al. Phys.Rev.Lett. 100 162002 (2008)
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DVCS UNPOLARIZED CROSS-SECTIONS

bin2 0.13<-1<0.18 GeV? 10 bin5 0.13<-1<0.18 GeV? bing 0.13<-1<0.18 GaV? p bin13 0.13<-1<0.18 GeV*
Q%=1.2656 GeV* Q*=1.6260 GeV* 0*=1.7045 GeV* i Q%=2.5846 GeV*
104 Xg=0.1541 xp=0.1849 x5#0.2442 L xpw0.3044
4=0.1526 GeV*® 4=0.1527 GeV? 1 20,1532 GeV? r t=0.1536 GeV*
X 1k
1F \/ \
¥ X E
5 ' 10'F e
10 E \\_//
0 30 o0 1% 300 3% 300 3% o too v e 3 s o o s s T 3 3 de 3% 0 0o 1% 0 0 w0 3%
bin2 0.23<-t<0.3 GeV* bin5 0.23<-1<0.3 GeV* bing 0.23<-1<0.3 GeV* bin13 0.23<-1<0.3 GeV?
Q°=1.2665 GeV* Q*=1.6279 GeV* 0%=1.7950 GeV* ! 0°=2.5834 GeV*
xg=0.1542 xg=0.1850 xg=0.2444 %=0,3046
120.2615 GeV® 1202616 GeV? 1 -120.2621 GeV? L g 120.2622 GeV* .
113 1F L @
10"}' teagaparett
.\/'0' \*_/
10 o 50 100 150 200 250 300 3}3 o 50 100 150 200 250 O 35[0 o 50 100 150 200 250 M0 Mxo o 50 100 150 200 250 200 )5?
bin2 0.39<-1<0.52 GeV* bins 0.39<-1<0.52 GeV* bing 0.39<-t<0.52 GeV* bin13 0.39<-t<0.52 GeV*
Q°=1.2671 GeV? Q’=1.6281 GeV* 1 0%=1,7954 GeV? 1L Q°=2.5810 GeV*
xgw0.1544 xg»0.1851 3 xg#0.2445 x500.3046
N 120.4465 GeV” 5 ¥ 1504466 GeV’ -120.4472 GeV* -t=0.4476 GeV’
.
10} 10"

A e
A Cepsepy oo

.......... KMI0 =--- KM10a

VGG : Vanderhaeghen, Guichon, Guidal KM : Kumericki, Mueller T R ”0'1'6;% 1982 63 o4 """uTS‘"""?g‘,s
H.-S. Jo et al., PRL 115 212003 (2015)

[~ —e i

=
vor. . 1%

25 .ggf,ggon Lab



3D imaging of

proton
M.Vanderhaeghen

black circles: CFF fit of JLab data

08

0.74

b2 )x)  (fm?)

narrow band: By(z) = ag, In(1/z)

@B, fixed from elastic scattering

Can the image be computed under connection to Dupré, Guidal, Niccolai, Vdh(2017)

QCD? See the talks by J.Qiu 2
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0/ structure functions from CLAS

n° electroproduction

T} electroproduction
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Spin asymmetry variables

7’ Beam Spin Asymmetries
R. D Masi et gl. [CLAS collaboration) PRC77: 042201 (2008)
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odd GPDs



d quarks

Polarized Quarks in Unpolarized Proton
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THE GPDS AND GRAVITATIONAL FORM FACTORS

Nucleon matrix element of the Energy-Momentum Tensor contains three
scalar form factors (R. Pagels, 1966) and can be written as (X. Ji, 1997):

. _ P,P, P,ou, + Poou,)AP ALA, — guuA?
N L e e L0
M,(t) : Mass distribution inside the nucleon Graviton scattering
J (t) : Angular momentum distribution P
d,(t) : Forces and pressure distribution G
Gp=>p
GPDs &> GITITs .
DVCS
[dnziti g0+ E@e0) = 200 o 4P
[dezH@e0) = M0+ 5E ) lm=>p
© |
P

X. Ji, Phys. Rev. Lett. 78, 610 (1997)
X. Ji, Phys. Rev. D55, 7114 (1997)



THE PRESSURE DISTRIBUTION INSIDE THE PROTON

€ S5k Repulsive pressure at
ST 1< 0.6 fm <p> 10% Pa
() |

O - Confining, pressure at
= B > 0.6 fim)
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V. Burkert, L. Elouadrhiri, F.X. Girod

This work opens up a new area of
research on the fundamental
gravitational properties of
protons, neutrons and nuclei,
which can provide access to their
physical radii, the internal shear
forces acting on the quarks and
their pressure distributions.

How the balance between repulsive and confining pressure comes from

QCD?
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Synergy in the Studies of the Ground and Excited Nucleon Structure

Different data sets from experiments with electromagnetic probes from the measurements
in the N* and DIS-regions with a focus on exploration of both ground and excited hadron
structure offer an excellent opportunity to gain insight into strong QCD undelying the
hadron generation from quarks and gluons

Synergistic efforts between experimentalists phenomenologists and theorists is needed.

Roadmap forward:

a) publication of the ""Strong QCD from Hadron Structure Experiments” with a goal to
facilitate the new research projects on exploration of strong QCD from the experimental
data on spectra and structure of the ground and excited hadrons;

b) continuation of the Workshops with the planned next Workshop in the first half of 2021
in Nanjing University, China under C.D. Roberts leadership
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