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Why Emergence of the Ground/Excited Nucleon Mass Remains Open Problem?

Composition of the Nucleon Mass:

proton neutron
M,, MeV (PDG22) M,, MeV (PDG22)
938.2720813 939.5654133
+0.0000058 +0.0000058

Sum of bare quark & @ . @ @
masses (in MeV): masses (in MeV): |
2.16+2.16+4.67 @ 4.67+4.67+2.16 @

=8.99*1 22 or<1.1% = 11.5013¢3 or <1.4%

Sum of bare quark

« Higgs mechanism generates the masses of bare quarks with <2 %
contribution into measured nucleon mass

 Dominant part of nucleon/N* masses is generated in processes other
than the Higgs mechanism.

« CSM paradigm on EHM supported by experiments on hadron structure
studies demonstrates that the dominant part of hadron mass is created
by the strong interaction in a strongly coupled regime when the QCD
running coupling ag/n>1.
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Continuum Schwinger Method Paradigm for Emergent Hadron Mass

Emergence of Dressed Quarks and Gluons QCD Running Coupling a(k)
D. Binosi et al., Phys. Rev. D 95, 031501 (2017) Zh-F. Cui et al., Chin. Phys. C44, 083102 (2020)
A. Deur et al., Particles 5, 171 (2022)
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In the regime of the QCD running coupling comparable with unity, dressed quarks and gluons
with distance (momentum) dependent masses emerge from QCD, as follows from the
equations of the motion for the QCD fields depicted above
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Basics for Insight into EHM: Continuum and Lattice QCD Synergy

* Dressed quark/gluon masses converge at the
complete QCD mass scale of 0.43(1) GeV.

* Express a fundamental feature: emergence of the
quark and gluon masses even in the case of zero
Higgs couplings to quark fields, the so-called chiral
limit of theory.

* Running dressed quark/gluon masses and an
effective QCD charge (Slide#3) are the three pillars
of the CSM paradigm for the EHM

see the upcoming talk by Prof. C.D. Roberts.
» Continuum QCD results are confirmed by LQCD.

5 ® 5=163
® /=213
® (=225

4 ® p=2.37

Dressed Quark/Gluon Masses (continuum QCD)
C.D. Roberts, Symmetry 12, 1468 (2020), AAPS Bull 31, 6 (2021)

5 0.3 Dressed
~5 S gluons
Ec’ 0.2 Yo

a4
Solame’ S
0.0, , Rttt
0 1 2 3 4
k/GeV

Inferred from QCD Lagrangian with only the Aqcp parameter

Dressed Quark Mass (lattice QCD)
O. Olivera et al., Phys. Rev. D 99, 094506 (2019)
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* Insight into dressed quark mass function from data .
on hadron structure represents a challenge for - M(k)
H H 1 2 a 2 2 2 2 2l
experimental hadron physics. @ = - o
Ve W Y Yo k (GeV)
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EHM from Global Hadron Structure Analysis

Will be extended by the future data from JLab in the 12 GeV era

Nucleon Elastic FF vwpPN* Electrocouplings Nucleon-axial form factor G,
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The quark running mass as deduced from experimental results above are consistent with the CSM approach
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Complementarity Insight into EHM from Meson and Baryon Structure Studies

« The Goldberger-Treiman relation connects the dressed
quark mass function to the /K Bethe-Salpeter
amplitudes, making studies of pion and kaon structure

POINCARE-INVARIANT HADRON MASS BUDGETS H . . . .
(% OF TOTAL MASS) a straightforward way for gaining insight into EHM.

£, Edp?) = B(p?)

« n and K are simultaneously qgq bound states and
Nambu-Goldstone (NG) bosons in chiral symmetry
breaking. Their masses should be zero in the limit of
zero Higgs coupling in QCD and, in the real world,
remain small in comparison with the hadron mass
scale.

» Studies of /K structure elucidate the interference
between emergent and Higgs mechanisms in EHM.

EHM ®EHM+HB ®mHB . .
SHUEESSEISEGIE S - Studies of ground/excited state nucleon structure as

well as the structure of mesons other than NG-bosons
offer insight into emergent mechanisms.

» The successful description of the n/K elastic FF and PDF, nucleon elastic/axial FFs, the
vwPN* electrocouplings of prominent nucleon resonances of different structure and elastic
FFs for mesons other than NG-bosons achieved with the same dressed quark mass

function is of particular importance for the validation of insight into EHM.
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N* Photo-/Electroexcitation Amplitudes (y,,pN* Photo-/Electrocouplings)
and their Extraction from Exclusive Photo-/Electroproduction Data

e 4 nN, np, nnp, KA, K e + mN,np, nrp, KA, KZ
e - Iy N*’ A* + . ) |
N 4 \ N’ N N’
Resonant amplitudes Non-resonant amplitudes
« Real A15(Q2%), Azx(Q3), S12(Q?) Definition of N* photo/electrocouplings
I in CLA I :
|.G. Aznauryan and V.D. Burkert, employed in CLAS data analyses
Prog. Part. Nucl. Phys. 67, 1 2
2
(2012) I _k,. M. MA oy H
e T (er_i_l)MN* 1/2 3/2

- Consistent results on y,,pN* photo-/electrocouplings from different meson
photo-/electroproduction channels allow us to establish systematic
uncertainties for their extraction related to use of reaction models
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Nucleon Resonance Electrocouplings from Data On Exclusive Meson

Electroproduction during the 6 GeV Era at JLab

Exclusive meson Excited proton Q2-ranges for extracted
electroproduction states TvPN* electrocouplings,
channels GeV?
np, w*n A(1232)3/2* 0.16-6.0
N(1440)1/2*,N(1520)3/2, 0.30-4.16
N(1535)1/2-
ntn 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
2.0-5.0 (preliminary)
A(1620)1/2, N(1650)1/2,
N(1680)5/2*, A(1700)3/2-, 0.5-1.5
N(1720)3/2*, N’(1720)3/2*

* The y,pN* electrocouplings have become available from analysis of CLAS data for most N*

in the mass range up to 1.8 GeV and in a broad range of Q2<5 GeV?.

« The experiments in Halls A/C extended the results on y,pN* electrocouplings of
A(1232)3/2* and N(1535)1/2- for Q?2< 7.5 GeV?.

» The recent results can be found in: A.N. Hiller Blin et al, PRC100, 035201 (2019).
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CSM Predictions for Resonance Electroexcitations vs. Available Experimental Results

CLAS/Hall A/C results vs. CSM predictions

A successful description of the pion and N—A(1232)3/2 o | | N'(144ol)1/2+'
nucleon elastic FFs, and the electrocouplings ; magnetic FF 60
of the A(1232)3/2* and N(1440)1/2*

resonances has been achieved with the same

5
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dressed quark/gluon mass functions and & | oamiine b
running effective QCD charge 1" | from M-B cloud 0

A,,*1000 (GeV'"?)

+ -
Apmw

. Segovia et al., PRL **%

# CSM quark mass
......... frozen o N7
running

J. Segovia et al.,

,| FBS 55, 1185 (2014) ¢ | H_115,171801(2015) 7T
10 1 10 0 1 2 3 4 5
Q* (GeV?) Q* (GeV?)
. . : . Nucleon Elastic FF
« Dressed quarks with dynamically generated Pion Elastic FF . Barabanov et al. Prog, Part
masses represent active degrees of freedom ¢.b. f,ff;j;szg*l‘géggg?f(-;ggj Nucl Nucl. Phys. 103835 (2021)
in the structure of the pion, nucleon, and the e : N
A(1232)3/2*, N(1440)1/2* resonances o o4l o iaste &
. .. . ' = 05
- Strong evidence for insight into s | |
momentum dependence of dressed quark & g w .
= 0.2} &
mass o csm T o
E‘J I Data points: Jlab Fr 1
ol Collaboration | 00 Hall A/C data
0 1 2 (I) é 1‘[) 1I5 2l0
Q2 (GeV?) Q2 (6eV?)

One of the most important achievements in hadron physics realized in the last decade

via synergistic efforts between experimentalists, phenomenologists, and theorists.
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A(1600)3/2* Electrocouplings

CSM Prediction vs. Data Determination
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Parameter-free CSM predictions for A(1600)3/2*
electrocouplings
Ya Lu et al., Phys. Rev. D 100, 034001 (2019)

do/dM ubn/GeV

dofd(-cos(6)) mebn/rad

do/d(c) ubn/rad

Extraction of A(1600)3/2* electrocouplings from the CLAS
n*n'p electroproduction data at 2.0 GeV?2<Q?<5.0 GeV?
within the JM reaction model, January-March, 2022
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W=1.56 GeV, Q*=3.1 GeV? W=136 GeV, Q=37 GeV
- E
E [ 15 F 3 10 E [
E 0 F E 75 | w0 E
o nr s 3 o
- ok I A ‘F <
3 4?' : ity s B gt = 25 | gl S AU
T AT 5._".',.“ ) 05..|0...|.... 0:.-'f.ll... R
025 05 0 1 12 14 025 . 05 1 12 14
mass,GeV 7 p mass, GeV " 7 mass,GeV  p mass, GeV
15 — *H+ g 15 * ;é 15 F , _ i*
#H‘ﬁ ' _ ‘fﬁ 1l 5 L % ' }ihgﬁ E
Tiagyes 05 }3 ' 120.5 ||||t?‘4¥"”,f %n.s ;I:u.‘.? 0% }*nnlll
AP N o Bty R SN I P S A N [ PSP B
0 100 200 0 100 200 0 100 200 0 100 200 0 100 200
0 n+deg. 6 p.deg 0 nt-,deg 0 n+,deg 0 pdeg
] <L ] ] 12t S
LA 04 - by 03 X ;“3? g1y 03 | i'
e IO T Il T L
Pl o1 ox AVEEERELL o AlTEg 0 }
1 0 L 1 0 1 0 E 1 0 E 1 o E 1
200 0 200 0 200 0 200 0 200 0 200

(- )+ p) deg

a (ot p)(- pf)deg @ (pf p)(- 7+) deg

Closest to the data

9 one-fold differential
cross sections
deduced

within the JM model

Resonant contributions
into selected in the data
fit 9 one-fold differential
cross sections

a(n- p)(v+ pf) deg @ (u+ p)(ni- pf) deg a (pf p)(- 74) deg

Comparable spread for the
selected in the data fit 9
one-fold differential cross
sections and the respective
resonant contributions
suggests credible and
unambiguous separation
between the resonant/non-
resonant contributions
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A(1600)3/2* Electrocouplings : CSM Prediction vs. Data Determination
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CSM predictions, Ya Lu et al., Phys. Rev. D 100, 034001 (2019)

Electrocouplings from independent analyses of n+np differential cross sections within
three W-intervals, 1.46<\W<1.56 GeV, 1.51<W<1.61 GeV, and 1.56<W<1.66 GeV for
2.0<Q?%<5.0 GeV?

CLAS results on A(1600)3/2* electrocouplings confirmed the CSM prediction, solidifying
evidence for gaining insight into dressed quark mass function and, consequently, into
EHM from the studies of y,pN* electrocouplings

A A S .
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Emergence of Hadron Mass from the Measurements with CLAS12
and after CEBAF 22 GeV Energy Upgrade

Meson electroproduction yields measured with the CLAS12

CLAS12: Extension of the results on
Y=PN* electrocouplings of most N*
states in the range W < 2.5 GeV and
Q2 up to 10 GeV? from exclusive
channels: nN, nzN, KY, K*Y, KY*

Q2 (GeV?)

allows to map-out range of quark o]

momenta where ~50 % of dressed ;
quark mass is generated

* In order to resolve the challenging problem
on EHM, the dressed quark mass function
M,(k) should be mapped out over the entire

K*Y
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gty o

Mass (GeV)
el i
w N
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LTI SQCD to pQCD

Transition from

=y

0.2
range of quark momenta to ~2 GeV, where
the transition from strongly coupled to 0.1 o
perturbative QCD takes place and where CLAS12 \.M ‘
dressed quarks/gluons emerge as og/n—1. 0.0f cAs] + | I
0 1 2 3 4
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o~
— N/ i
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Unique Opportunities for Gaining Insight into EHM through Studies of the N* Structure
within an Anticipated CEBAF 22 GeV Energy Upgrade Including CLAS22

» Simulations of N, KY, and n*np electroproduction with CEBAF@22 GeV show:

v,PN* electrocouplings can be determined up to Q2~ 30 GeV? for £L ~ 2 -5 x 103° cm2s™'

i:| i 1 Both EIC and ElcC would need much higher
luminosity to carry out such a program

g Eec . mow : The luminosity “frontier” is a unique
109} s - advantage of JLab

Luminosity (cm2s1)
Lt

Beam energy 22 GeV

Large acceptance

High luminosity

Studies of exclusive reactions

-t
Q
@
N
T
S
4!
[ )

=
=
m
n
o]

°

. l ;
10 100 1000

Center-of-Mass Energy /s (GeV)

« Extending the results on the y,pN* electrocouplings into the Q2 range from 10 - 30 GeV? after
the increase of the CEBAF energy and pushing the CLAS12 detector capabilities to measure
exclusive electroproduction to the highest possible luminosity, will offer the only foreseen
opportunity to explore how the dominant part of the hadron mass and N* structures emerge
from QCD and will make CEBAF@22 GeV unique and the ultimate QCD-facility at the

luminosity frontier.
PV ay ol
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Hadron Structure Studies with CLAS22

Hadron Structure Group in Hall B developing
physics case to support CLAS22 upgrade

Contribution of the Hadron Structure Group to the Physics Motivation to Increase
the Energy and Luminosity of JLab

hd results
Itis worth recalling that examination of the ground state of the hydrogen atom did not give . Notably, M NP M M M .
us sufficient insight into QED. It did not even bring us close. Equally, studies of the ground entical to re of I ST 0 G r‘T I C I paT I nq nST l 1- uT l o ns .
state of the proton alone cannot reveal whether QCD is truly the theory of strong range of lings
interactions in the Standard Model. The future of hadron physics lies in high-energy, high- )3/2+
luminosity facilities that are capable of moving beyond the 100-year-long focus on the M M M
structure of the ground state of the proton to deliver insights that will dramatically expand gshta-g:arli ﬁi”: critical [ ] Jef f e r‘s O n La b ( H G I l B a n d Th eo r‘y D I V I S I o n)
our store of knowledge concerning the complete array of Nature's hadrons. In this context, dressigq form nge of
studies of the structure of excited nucleon states (N*s) from the data on exclusive meson 9 d. This

s " 4 o " A lependent nent, . . M
electroproduction in terms of the Q2 evolution of their electroexcitation amplitudes, i.e. nto the U 1- f C 1- 1-
their #pN* electr i offer a unique ity to explore many facets of the are self- beam n l Ver‘s I y 0 0 nneC l C U

strong interaction in the regime of large (comparable with unity) QCD running coupling Jow how r the V. We

(i.e. the strong QCD regime) that are evident in the distinctively different structural ks withs pn of netries . .
features of these excited states [1-5]. Data on the %pN* electrocouplings over a broad ":atsh”;ﬁ s will bV and [ ] Ge no VG U n I Ve r‘s I"' a n d I N F N O f Ge n o Va
range of Q? are critical in order to explore the evolution of the strong interaction in the o e dron Eaction
transition from the strong to the perturbative QCD regimes [1,.2,6,7]. These oriz a"arra‘g ems.  Bmine  fcesin . .

ings provide needed experi input for the ofthe i ooks [ Lt least L U 1-

y for the iption of the structure of both the ground and excited ata from ferent F1oO" lcesses ® Gma rl n l Ve r‘s I y
nucleon states starting from the QCD Lagrangian, as well as within advanced quark ses in 7N ferent ired. A
models. Jeveloped 0@ Jnete . . .
: * Ohio U T
The Hadron Structure Group at JLab proposes to extend the studies of the yxpN* fessed lo n I Ver‘sl y
electrocouplings from exclusive meson electroproduction processes initiated with the al_c'"(y pe:;‘ted . . .
CLAS detector in Hall B at beam energies up to 6 GeV and continued with the CLAS12 plings er than
delect_or at beam energies up to 11 G_eV. toa propos(_ed CLAS24 conﬁgura_l?on at beam ut the K ma_ss ° O e syn u C ear‘ ys I CS ns I u e an ys l Cs
energies up to 24 GeV. Such experiments at the highest photon virtualities Q2 ever hge of ps with
achieved (10-36 GeV?2) in studies of exclusive meson electroproduction will allow for the In fully minant e e n n S V S e n ive S I-
realization of the goal to improve our understanding of the fundamental underpinnings of oative nearly 1' r‘ \ 1' 1' rI \ S 1' 1' U T
the mechanism for the emergence of hadron mass (EHM) in these strongly interacting N* reased a r‘ a O 0 o O o C O W G r‘
baryon states based on description of these data. The proposed experimental program, . most . . .
along with the associated experiments in JLab Halls A/C and the planned studies at rgence U 1- S 1- h C I
AMBER@CERN, EIC, and EicC focused on the structure of zand K mesons [2,11], are bn and ° n l Ve r‘s I y O o u a r‘ o l na
of particular importance in order to the d ics of the that
generate the dominant portion of visible hadron mass in the Universe [1,2,8,9,10]. I N F N S d . R T v d . . .
. m t U t Rom

The current quark masses that enter into the QCD Lagrangian are generated by the Higgs e Z | O a o r‘ e r‘ga a G n n | Ve r‘s l a l 0 a
mechanism, and account for less than 2% of the mass of the proton and neutron. psses vs. 372+
Therefore, understanding how these bare current quarks evolve into the fully dressed notion for ) d | o rl verl a"'a
constituent-like quarks relevant for understanding the structure of baryons and mesons is transition got:e

one of the most fundamental and still open problems within the Standard Model. Recent fati
rapid and significant progress in the development of Continuum Schwinger function ion

i (Coe 10 e ol ot s toorinans Ko ang |5 Nanjing University Institute for Nonperturbative Physics

by the Institute for Nonperturbative Physics at Nanjing University, has provided a concept CSMs to

for understanding EHM, which has been tested in comparisons with, inter alia, nction as of e . .
and affiliated institutes

i s' Tubingen University
Tomsk State University and Tomsk Polytechnic
1 : University
James Madison University
George Washington University

M
°

https://userweb.jlab.org/~carman/clas24
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Conclusions and Outlook

« Baryons are the most fundamental three-body systems in Nature. If we don’t understand how QCD
builds each of the baryons in the complete spectrum, then we don't understand Nature.

« High-quality meson electroproduction data of 6 GeV era at JLab have allowed for the determination of
the electrocouplings of most nucleon resonances in the mass range up to 1.8 GeV for Q2<7.5 GeV?2.
They vastly improved our understanding of the momentum dependence of the dressed quark mass
function, which is one of the three pillars of EHM. The remaining two pillars running gluon mass and
QCD effective charge are constrained by the results on N* electroexcitation.

A good description of the A(1232)3/2*, N(1440)1/2*, and A(1600)3/2* electroexcitation amplitudes at
Q2<5 GeV? achieved within CSM with the same dressed quark mass function determined by QCD
dynamics and used in the successful description of the elastic nucleon and pion electromagnetic
form factors, offers sound evidence for insight into the momentum dependence of the dressed quark
mass at quark momenta < 0.7 GeV.

« CLAS12 is the only facility in the world capable of obtaining the electrocouplings of all prominent N*
states in the still unexplored Q2 range from 5 - 10 GeV? from measurements of N=n, n*n-p, and KY
electroproduction, allowing to probe the dressed quark mass at quark momenta < 1.1 GeV, a domain
where up to =1/ 2 of hadron mass is generated.

« Extension of the results on the y,pN* electrocouplings into the Q2 range from 10 - 30 GeV? after the
increase of the CEBAF energy and pushing the CLAS12 detector capabilities to measure exclusive
electroproduction to the highest possible luminosity, will offer the only foreseen opportunity to
explore how the dominant part of hadron mass and N* structure emerge from QCD and will make
CEBAF@22 GeV unique and the ultimate QCD-facility at the luminosity frontier.

¢ /e% LSO a é
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N* Structure in Experiments of 6.0 GeV Era at JLab

The experimental program on the studies of N* structure in exclusive meson photo-

lelectroproduction with CLAS/CLAS12 as well as with spectrometers in Halls A/C seeks
to determine:

* vwpN* electrocouplings at photon virtualities Q2 up to 10 GeV? for most excited
proton states through analyzing the major meson electroproduction channels

« Explore hadron mass emergence (EHM) by mapping out the dynamical quark
mass in the transition from almost massless pQCD quarks to fully dressed
constituent quarks

An important part of the efforts on the exploration of strong QCD (sQCD) from

the experimental data with electromagnetic probes:
1. S.J. Brodsky et al., Int. J. Mod. Phys. E29, 203006 (2020)
2. C.D. Roberts, Symmetry 12, 1468 (2020)
3. M. Barabanov et al., Prog. Part. Nucl. Phys. 103835 (2021)

A unique source of information on many facets of sQCD in generating excited

nucleon states with different structural features:
1. V.I. Mokeev and D.S Carman, Few Body Syst. 63, 59 (2022)
2. D.S. Carman, K. Joo, and V.I. Mokeev, Few Body Syst. 61, 29 (2020)

3. V.D. Burkert and C.D. Roberts, Rev. Mod. Phys. 91, 011003 (2019)
Yo Ve Yo
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Facets of Strong QCD from Combined Studies of the Ground/Excited
Nucleon State Structure

— i =
= Yoffson il

80

3 o102
Ay, (107°Gev™"?)

eoz Y S ool b V.D.Burkert and |.G. Aznauryan, Prog. Part
3 S N 3 Hak-§ N(1539)1/72 Nucl. Phys. 67, 1 (2012)
"y e 7 sof "
*H ’ | ek The results on electroexcitation of different resonances
°5 & 1< Ae. allow us to rigorously test the quark model ingredients
j: gl 1{ N(1440)1/2* 40 for the description of the ground/excited hadron structure
-60 %ﬂ_} e - -y 20 :_ 1 o )
C P T I TN S T AT S T Cl ' IR I P I
o 1 2 3 . 4 % 2 4 6 V.M. Braun et al., Phys. Rev. D 89, 094511 (2014)
Q" (GeV) Q(GeV) C. Mezrag et al., Phys. Rev. Lett. B 783, 263 (2018)
Parton distribution amplitudes (PDA) in:
N(938)1/2* "L’ Y N(1535)1/2" “@l0 N(1440)1/2+09 Pronounced differences

predicted for N/N* PDAs
can be explored in N*
electroexcitation, offering
insight into the sQCD
mechanisms that underlie
these differences

Rest frame quark—correlateéj—di-quark angular momentum content in: il == =0 G Gl EITINE 220512088 Iz

A ) s P €
& L

A(1600)3/2*

Studies of N* electroexcitation
will contribute to understanding
of the nature of spin of the
ground and excited states of the
nucleon

Exploration of N* electroexcitations is an important part of efforts aimed to considerably extend knowledge on sQCD
Yo Y s Ve
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Summary of Published CLAS Data on Exclusive Meson
Electroproduction off Protons in N* Excitation Region

Hadronic final state | Covered Covered Q?- Measured
W-range, GeV range, GeV? observables + do/dQ—-CM angular
n 1.1-1.38 0.16-0.36 do/dQ distributions
1.1-1.55 0.3-0.6 do/dQ * Ap, A, Api-longitudinal
1.1-1.70 1.7-4.5 do/dQ, A, beam, target, and
1.6-2.00 1.8-4.5 do/dQ beam_target asym-
nop 1.1-1.38 0.16-0.36 do/dQ metries
1.1-1.68 0.4-1.8 do/dQ, A, ALA, « PO P’ —recoil and
1.1-1.39 3.0-6.0 do/dQ transferred polarization
1.1-1.80 0.4-1.0 do/dQ of strange baryon
np 1.5-2.3 0.2-3.1 do/dQ
K+A thresh-2.6 1.40-3.90 do/dQ Around 150,000
K+30 thresh-2.6 1.40-3.90 do/dQ
0.70-5.4 P’
ot 1.3-1.6 0.2-0.6 Nine 1-fold
P 1.4-2.1 0.5-1.5 differential cross Almost.full Sontdicies
1.4-2.0 2.0-5.0 sections of the final state
hadron phase space

The measured observables from CLAS are stored in the
CLAS Physics Data Base http://clas.sinp.msu.ru/cgi-bin/jlab/db.cgi
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Approaches for Extraction of y,NN* Electrocouplings from the CLAS
Exclusive Meson Electroproduction Data

Analyses of different meson electroproduction channels independently:

» n*n and n°p channels:
Unitary Isobar Model (UIM) and Fixed-t Dispersion Relations (DR)
I.G. Aznauryan, Phys. Rev. C67, 015209 (2003)

I.G. Aznauryan et al. (CLAS), Phys. Rev. C80, 055203 (2009)

I.G. Aznauryan et al. (CLAS), Phys. Rev. C91, 045203 (2015)
» np channel:

Extension of UIM and DR
|.G. Aznauryan, Phys. Rev. C68, 065204 (2003)
Data fit at W<1.6 GeV, assuming N(1535)1/2- dominance

H. Denizli et al. (CLAS), Phys. Rev. C76, 015204 (2007)
» n*np channel:

Data driven JLab-MSU meson-baryon model (JM)
V.l. Mokeev, V.D. Burkert et al., Phys. Rev. C80, 045212 (2009)
V.l. Mokeev et al. (CLAS), Phys. Rev. C86, 035203 (2012)
V.l. Mokeev, V.D. Burkert et al., Phys. Rev. C93, 054016 (2016)

Global coupled-channel analysis of y, N , #N, NN, nnN, KA, KX exclusive channels:

H. Kamano, Few Body Syst. 59, 24 (2018). Argonne-Osaka

H. Kamano, JPS Conf. Proc. 13, 010012 (2017). Argonne-Osaka

M. Mai et al., Phys. Rev. C103, 065204 (2021) Julich-Bonn-Washington
M. Mai et al., Phys. Rev. C106, 015201 (2022) Julich-Bonn-Washington
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Electrocouplings of N(1440)1/2* and N(1520)3/2- Resonances from

nN and n*np Electroproduction off Proton Data

100

R 2] o]
QS QS Q

A,,*1000 (GeV "?)
N
S

Consistent results on the N(1440)1/2* and N(1520)3/2- electrocouplings from independent studies of the
two major =N and n*n'p electroproduction channels with different non-resonant contributions allow us to
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evaluate the systematic uncertainties of these quantities in a nearly model-independent way.
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Systematic study of mechanical properties of the proton

Quick Science background

* Mechanical properties appear as gravitational form factors (GFF) in the proton matrix element of the EMT.

A _ P,P, (Pyou, + P,o,,) AP AL A, — g, A2
alg o) = o) | M) T + noy e 2 ROIA | oy BB B o,

Example of the GFF d(¢):
4
Appears in 2nd x-moment of GPD H4: /dx zHI(z,€,t) = M3 (t) + gfzd‘{(t)

rp(r) (GeV fm™)
£ °

. 1 1

.02\ — .02
f(g’t’Q)_/_1dm[§—x—ie_§+x—ie:|F(m’€’t’Q)

1 ! 1 1 5 \
ReH(&,t =+—P/ dz [———] ImH9(z,t).
&) w Jo Cle—z T e (@) e R

* Dispersion relation for CFF # contains subtraction term Ad(t) that relates to|d{ ()

* Fourier transform of df(t) into coordinate space gives shear and pressure distribution.
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CLAS12 improvements to meet science requirements

* Increase CLAS12 luminosity by repositioning R1 drift chambers (x 2)

* Improve the tracking and vertexing in the CLAS12 forward detector region
to accommodate requirements for resolution in spectroscopy and heavy
quarks science

* Develop a robust 0-degree electron spectrometer for the energy range 1 -
14 GeV for exotic heavy quark spectroscopy. Could also be useful for TCS

* Provide 1%, y, e*/e- detection in backward hemisphere (TDAs, 2y—physics)

* Upgrade CLAS12 for charged particle ID in full momentum range & all
forward sectors (RICH 3-6)

* Improve the PID in the Central Detector for K/7 separation

PV VoV V.
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