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Emergence of Hadron Mass Traced by Electromagnetic Probes

3q-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
confinement and the meson heal this artificial
divergence as QCD becomes non-perturbative.

e 1.0 ®  a,/m CERN COMPASS
= a,,/x DESY HERMES
<, a,,/x SLAC E142/E143
o - a,/n SLAC E154/E155
S 08} e
- a,,/x CERN SMC
3qg-core+MB-cloud * /% OPAL
0.6 [
L I DSE (2019)
| — HLFQCD
04 Bjorken sum rule
~---- GDH limit
3g-core F O a,/x Hall AICLAS (2004)
- A a,/x CLAS EGIb (2008)
P 0.2 [ O «,/xJLabRSS (2008)
or - ¥ o, /x CLAS EGldves (2014)
B - ® o, /n CLAS EG4 (2022)
r % a,/x Hall AVEG4 (2022)
- L L L PR TR T S B
pQCD high 0.0 -
101 1

September, 18-22,

%ﬁ\iﬁéﬁbvﬂm’y Ralf W. Gothe C|Q§~3 ECT* Workshop



Experimental
Approach to
Hadron Mass
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Hadron Structure with Electromagnetic Probes
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» Study the structure of the nucleon ground state.
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Deep Inelastic Scattering

W2c2= P2 = (P + q)* = M?c2+ 2Pq + g2 = M2c2+ 2Mv —Q? = M?c?
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Hadron Structure with Electromagnetic Probes
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Hadron Structure with Electromagnetic Probes

2 » Study the structure of the nucleon spectrum in the domain
,P,0. .. Q where most of the mass is generated by the strong field.

3g-core+MB-cloud quasi-elastic

3g-core
% hard and
not &% confined
Aq2- Azps S1i2
DQCD h | g h helicity amplitudes
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Emergence of Hadron Mass Traced by Electromagnetic Probes

2 » Study the structure of the nucleon spectrum in the domain
,P,0. .. Q where dressed quarks are the major active degree of freedom.
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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 most of the mass is generated by the strong field and
N low dressed quarks are the major active degree of freedom.
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CLAS
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Data-Driven Data Analyses

Consistent Results /
Single Pion t |

Amplitude

\ analyy

Reaction |

Models

et )

F immm e N P Hadronic Electromagnetic
Int. J. Mod. Phys. E, Vol. 22, 1330015 (2013) 1-99 production 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=1.2125GeV AW =25 MeV Ye Tian
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W-Dependent of the Structure Function ¢ + +€o |

Q2= 0.5 GeV2
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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

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

Consistent Results

Double Pion

‘ R2 +R2, for Q2,W = 2.40-3.00_1.725-1.750
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@-independent Nz Single-Differential Cross Sections

Q2, W bin = [2.4,3.0)GeV?2,[1.725,1.750)GeV Avrjun Trivedi
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@-dependent Nz Single-Differential Cross Sections
Q2, W bin = [2.4,3.0)GeV?2,[1.725,1.750)GeV Arjun Trivedi

| RZ, for Q2,W = 2.40-3.00_1.725-1.750 | R2%, for Q2,W = 2.40-3.00_1.725-1.750
B E
S uf S wf 3 = | =9 =y S ef i
T b W .l B owb ] D w "E S
4] — O iy sel P S b Lr9eg 4] G T S O b
0 02:. ™ 4 =] e b =) oo ¥ 8 @ g8 4 8 b B b - . = r.)--%':.
2 el sgoups, Y 2 W Gt It 2 Levet Hait W . ERAAar ¢
i -cu-'.l"i“‘ ;‘.S\-_; - k ] ‘:':ll' L] i BE . Qiaﬂ: & .-n .. W L. i L S
-y [ ' = af Gradff @ =y Ty | LI -ru: N T LK Tl gt UHE 1T
‘é\?o'- ' ! 5 ‘f."]:'t”' o ! ] : u'r:u- - L ] u b M T
- o Sy [ L | TS S T— B ot B o
1 13 “M '=G '\.:s' ooz 14 MHG l\:' T F] M,G '.‘:' ] ST T TSR] 4 18 18 T T/ Jah: Ly T e T e
el i) e M,.GeV M,.GeV M, GeV
oaf i =
i e
%‘ %‘ ¢.«_ﬁ_'_g_*'%ﬁ._ %‘ %‘ %‘ LEf % G '
_‘_m‘_ asf » [&] - ] . __L'J‘_ wsb 4 _‘_‘D‘_ ak [l o o s da ™
_g e Géc. S uf . ] 4 8%, S B T oee 8 5 uf » g“.uc.,
E - 5§ 5.8 = F s B = LI ' L4 gog &ua— s e _3“ ‘.* = it ! .!
- L .8 5 - as N M ! ’ 4 . o @ ; — L T v
Eausp 8@ E+0F =g feeei®r g0 t okl .“‘ﬁ' il E2 P S Ve ben =gaf 9 [ ] [
5 i ui: aF '_-c.i— o [ ] 'S v dn : |:
¥ & W OEE ¢ 'E wf oF af
o« (33 ”nlil nI: G Ii'.ll 5] R [T R T S 17\.:” ull 115 C:Ia”':'.xln"”:n.lﬂ 14 & o_li nls ‘T ‘TF ;-_Iu o 7 5] ' K] T3 uls nln (1 ‘E ul.l uls
M, GeV M, GeV M, GeV M, GeV My, GeV M_..Ge
E Wk E 1] E i E : E- ) En.u
EA e = s . EN =
e * a8 T oy o LIE P FsE g ™ Y i
o’ mf » o A v 13 L | i E -4 o2 ] Bl
5 ofse? il o5 o e EAeEY ¢ 9| ek (e 8 Eideds 4.4 93 o B el J
‘&. e " 3 u(‘«l_l a1 s a L] - s o = % ILI'.'I\I o ,-‘ s pt * Ei— o [ T s - 'f.\!: 1 2% * ' a9
E L GisE T “Ef L 94 LN T Ll | T i .
3 ] = g .u’l- L ' LN iy « e L c L b | % ﬁ ae @
a2k E ¥ | [ W | ans T
GE A B8 f asf| @ . af
i, el 41:*4%44@4 [TRRURTRN RN RUTY TUTY (RTE FUTY | uE]
+ LR T © LA T ¥ o= 1 e T £ EZ O 1) FZ I T 2T T ] Wk L 1 180 18
8 deg 0 _deg 6deg A, deg 6_deg 6deg
[ —_ .
o = g0 — Dy — 0 —
5.0 T 3 Tuf gl
o .y Em':ﬂ'n  BeITT R =" | S™E £ ok L
7} el a S el p®, e SR LIS | » S omf g.rr". : L M S™*?l 23 .2':
i B : = amf I g | 2 (8 | 8 g = | = 1 I = | 9 ¥ 8" L] 1
[ & i = g - . o e = y = o
i amp, ¥ T 4 oWk B ha 'y g ivPte ¢ N 5 "°3n.~-9..:" [ i
Fane | o s 0e? Seef| il ? Peg* e . § hsmef )
d s e i - L & | do-um e
‘é\::'m' . . N ‘5"“”' N o ‘?\'Ijm ettt ‘z'\.t ‘ ' 9 " "'N":m- ‘iqtm_
K o o8 [ W e EEE o WOWO W e A NG [ T TR o R FT o T T

) i3 2 L] v e 3 5 C
a|n,rr' dee ﬂlﬂ.l o JEIE!Q uln'uw,ldeg mID.ﬂ' J[M]deg uw J[m.]deg r:tlu.uwjdeg

(—dgfg@) = R27%9 + R2,%Y + R2,7°7 cos ¢ + R277°7 €08 20 + dx,a, (R207> sin ¢ + R277> sin 2¢y)

%{j}ﬁéﬁbmy Ralf W. Gothe CIQ&? ECT* Workshop September, 18-22, 2023 w




@-dependent Nz 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: A ¢ Amplitude
Models . analysis

Unitarized Isobar Model (JM)
» Coupled-Channel Approaches:

EBAC = Argonne-Osaka

JAW = lJilich-Athens-Washington = JiiBo | |

BoGa = Bonn-Gatchina @i’/

Hadronic Electromagnetic

Int. J. Mod. Phys. E, Vol. 22, 1330015 (2013) 1-99 production production
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N(1440)1/2* Couplings from CLAS
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Viktor Mokeev

Consistent results are now obtained
in the low-lying resonance region up
to a Q2 of 5 GeV? by independent
analyses from the N= differential
Ccross sections, beam, target, and
beam-target asymmetries (red
triangles) and pr*n- differential cross
sections (blue squares).

All observables have fundamentally
different mechanisms for the
nonresonant background and
underscore the capability of the
reaction models to extract reliable
resonance electrocouplings.
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Consistent results are now obtained
in the low-lying resonance region up
to a Q2 of 5 GeV? by independent
analyses from the N= differential
Ccross sections, beam, target, and
beam-target asymmetries (red
triangles) and pr*n- differential cross
sections (blue squares).

All observables have fundamentally
different mechanisms for the
nonresonant background and
underscore the capability of the
reaction models to extract reliable
resonance electrocouplings.
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A(1600)3/2* Form Factors in CSM Approach

CSM predictions of the Viktor Mokeev
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Emergence of Hadron Mass

proton mass budget
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Preliminary RGA CLAS12 Data Analysis: prttn-
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@-dependent Nz 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
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Inclusive Structure Function in the Resonance Region
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TWOPEG Formfactor Extrapolation to 30 GeV?

lulita Skorodumina
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DIS background resonance excitation
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Formfactor Extrapolation to 30 GeV?
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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 pa*n~ Final State
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Hadronic Cross Section for Exclusive pa*a~ Final State

Alexis Osmond & Krishna Neupane
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Integrated Luminosity Needs for Exclusive pa*n~

Simulated at 22 GeV Beam Energy
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Integrated Charge Needs for Exclusive pa'n™

Alexis Osmond & Krishna Neupane
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Beam Time Needs for Exclusive pa*a™

Alexis Osmond & Krishna Neupane

Based on RGA Fall 2018 Luminosity of 5.96 103 cm=stat 45nAand 5cm LH,
Simulated at 22 GeV Beam Energy Simulated at 10.6 GeV Beam Energy
Needed Years at 5.96-103%4 (cm2s?) Needed Years at 5.96-103%4 (cm2s?)
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Implementing all analysis cuts (3/2), Golden Run Selection (3), PAC Days (2)
== 3 (16) years at 5.96-103* cm? s or 11 (22) month at 5-10%° cm2 s
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Beam Time Needs for Exclusive pa'n~

Alexis Osmond & Krishna Neupane I
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 5.96-10%* (cm2s?) Needed Years at 5.96-103%4 (cm2s?)
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Implementing all analysis cuts (3/2), Golden Run Selection (3), PAC Days (2)
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Hadron Structure Needs for CLAS22

Fraction of
Qz-coverage_of Range of quark dressed quark
electrocouplings momenta k
mass at k<k.,
CLAS <5 GeV? <0.8 GeV 30%
CLAS12 < 12 GeV? <1.2 GeV 50%
CLAS22 < 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@22 GeV the ultimate QCD-facility at the
luminosity frontier.

Luminosity “frontier” is the unigue advantage of JLab.
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Hadron Structure Needs for CLAS22

* High luminosity detector
* High momentum resolution
» Studies of exclusive reactions

e Beam energy 22 GeV
* Nearly 4r acceptance
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Both EIC and ElcC would need
much higher luminosity to carry out
this program.

Luminosity “frontier” is the unique advantage of JLab.
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Hadron Structure Needs for CLAS22

» High luminosity detector
e High momentum resolution
» Studies of exclusive reactions

e Beam energy 22 GeV
* Nearly 4r acceptance
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Both EIC and ElcC would need S
much higher luminosity to carry out 0 10 20 30

this program. Q2 (GeV2
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Luminosity “frontier” is the unigue advantage of JLab.
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Preprint no. JLAB-PHY-23-3744, NJU-INP 069/23

Review

Nucleon Resonance Electroexcitation Amplitudes and Emergent
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. v, 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 Q?-evolution of the YopN* 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
cama:::::::n, —— A(1600)3 /2% became available in 2019. The experimental results obtained in the first half of 2022
Mokeev, V.1; and Roberts, C.D. have confirmed the CSM prediction& We also discuss prospects for these studies during the 12-GeV
MNucleon Resonance Electroexcitation

era at [Lab 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: over the full range of distances (i.e. quark momenta) where the dominant part of hadron mass and

Published:
N* structure emerge in the transition from the strongly coupled to perturbative QCD regimes.
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e-Print: 2306.09360

Strong Interaction Physics at the Luminosity Frontier
with 22 GeV Electrons at Jefferson Lab

6.5 Bound Three-Quark Structure of Excited Nucleons and Emergence of Hadron

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

6.5.1 The Emergent Hadron Mass Paradigm

N

g, The Standard Model of Particle Physics has one well-known mass-generating mechanism for the most el-
1 ementary constituents of Nature, viz. the Higgs boson [295, 296], which is critical to the evolution of the
of)  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
E 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
E 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

NG Figure 46: Proton mass budget, drawn us-
g 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

HB
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