
Ralf  W. Gothe                    2021 School on the Physics of Baryons, Seville, Spain  1

JLab's Unique Contributions to Strong QCD: 
Recent Results and Future Goals

Are dressed quarks fictious model creatures? Do we have evidence that 
they exist?
Why are quarks in DIS pointlike? What is the difference between a large-x 
valence quark and a dressed quark?
 Recent Results and Future Goals JLab12 … now and then …

Ralf W. Gothe for the CLAS Collaboration 

The 2021 School on the Physics of Baryons
October 18-22, 2021, Seville, Spain
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Build your Mesons and Baryons …

Frank Wilczek, Physics Today, August 2000

?



Ralf  W. Gothe                    2021 School on the Physics of Baryons, Seville, Spain  3

Electron 
Scattering
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x = Q2/2Pµqµ = Q2/2Mν

s = W2 = Pµ’2 = (Pµ+qµ)2 = Pµ
2+2Pµqµ +qµ

2 = M2+2Mν−Q2

LAB

LAB

Electron Scattering Kinematics

Baryon
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x = Q2/2Pµqµ = Q2/2Mν

elastic off proton: x = Q2/2Pµqµ = Q2/2Mν = 1

s = W2 = Pµ’2 = (Pµ+qµ)2 = Pµ
2+2Pµqµ +qµ

2 = M2+2Mν−Q2 = M2

LAB

elastic off quark: xqf = Q2/2Pµqµ = Q2/2mν = 1

m = Q2/2ν

x = m/M

quark

quark

Electron Scattering Kinematics
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Baryon Excitations and Quasi-Elastic Scattering

6

Deep Inelastic Scattering
S. Stein et al., PR D22 (1975) 1884

Paticle and Nuclei, Povh et al., MAMI B

Quasi-Elastic
Peak in 16O

Elastic 
Peak of H

E = 246 MeV
θ = 148o
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Quark-Hadron DualityBaryon Excitations and Quasi-Elastic Scattering
PRL 16 (1970) 1140, PR D4 (1971) 2901
E.D. Bloom and F.J. Gilman  

Deep Inelastic Scattering
S. Stein et al., PR D22 (1975) 1884

W = 1.9 GeV

E’ = 17.6 GeV

ν = 2.37 GeV

Q2 = 1.72 GeV

pF = 0.67 GeV

mq = 0.36 GeV mq = Q2/2ν

rF = 0.79 fm ∆rF = c *√9π/2
∆pF
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Baryon Excitations and Quasi-Elastic Scattering

Deep Inelastic Scattering
M. Breidenbach et al., 
Phys. Rev. Lett. 23 (1969) 935

quasi-elastic off 
point-like

constituents 
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Baryon Excitations and Quasi-Elastic Scattering

Deep Inelastic Scattering
S. Stein et al., PR D22 (1975) 1884

hard

soft  

hard and  
confined 

Transition Form Factors

Elastic Form Factors

e-
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Structure Analysis of the Baryon

hard and 
soft  

hard and 
quasi-elastic 

hard and  
confined 

Demolition of a chimney at the "Henninger Brewery" in Frankfurt am Main, Germany, on 2 December 2006

, N*, ∆*

e-

…
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 Study the structure of the nucleon spectrum in the domain 
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.

11

Q2

low

high

k

Hadron Structure with Electromagnetic Probes

*

N

NK1µ

K2µ

Q2 = −Kµ

P1µ

P2µ

2

π,ρ,ω…

3q-core+MB-cloud

3q-core

pQCD

N,N*,∆,∆*…

hard and combined 
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 Study the structure of the nucleon ground states in the domain 
of strong QCD. 

 Explore the formation of the nucleon ground states and their 
emergence from QCD.

12

Q2

low

high

k

Hadron Structure with Electromagnetic Probes

π,ρ,ω…

3q-core+MB-cloud

3q-core

pQCD

N,N*,∆,∆*…

or

hard and quasi-free 

or
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 Study the structure of the nucleon spectrum in the domain 
where dressed quarks are the major active degree of freedom. 

13

LQCD, DSE and …meson dressed quark

confinement

current quark

Q2

low

high

q

e.m. probe

Hadron Structure with Electromagnetic Probes

π,ρ,ω…

3q-core+MB-cloud

3q-core

pQCD

N,N*,∆,∆*…
Zhu-Fang Cui et al., Chin. Phys. C 44 (2020) 083102/1-10
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 The SM αs diverges as Q2 approaches zero, but confinement 
and the meson cloud heal this artificial divergence as QCD 
becomes non-perturbative.

14

Q2

low

high

Hadron Structure with Electromagnetic Probes

kπ,ρ,ω…

3q-core+MB-cloud

3q-core

pQCD

N,N*,∆,∆*…

PDG 2012
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 Modern continuum QCD & lattice QCD methods enable a 
process-independent calculation of the running coupling 
constant. 

15

Q2

low

high

Hadron Structure with Electromagnetic Probes

kπ,ρ,ω…

3q-core+MB-cloud

3q-core

pQCD

N,N*,∆,∆*…

Daniele Binosi et al., Phys. Rev. D 96 (2017) 054026/1-7
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 The pion, or a meson cloud, explains light-quark asymmetry 
of the sea quarks in the nucleon.

16

Q2

low

high

Hadron Structure with Electromagnetic Probes
Rolf Ent 

π,ρ,ω…

3q-core+MB-cloud

3q-core

pQCD

N,N*,∆,∆*…

kor



Ralf  W. Gothe                    2021 School on the Physics of Baryons, Seville, Spain  17

JLab12
… now and then …
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6 GeV CEBAF11

CHL-2

12

Upgrade magnets 
and power 
supplies

Two 0.6 GeV linacs1.1

Enhanced capabilities 
in existing Halls

1.1

… now
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Hall D Hall B Hall C Hall A
4π hermetic detector 

GlueEx
luminosity 1035

CLAS12
High Momentum 

Spectrometer SHRS
High Resolution 

Spectrometer HRS
polarized photons hermeticity precision space

Eγ ~ 8.5-9.0 GeV 11 GeV beamline

108 photons/s target flexibility

good momentum/angle resolution excellent momentum resolution

high multiplicity reconstruction luminosity up to 1038

. 

Overview of Upgraded Technical Hall Performances
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Hall D … now
Eugene Chudakov

JLAB Hall D
• Tagged photon Bremsstahlung beam, linearly polarized at ≈9 GeV 
• A hermetic spectrometer based on a solenoid magnet
• Running: experiment GlueX – search for hybrid mesons

• GlueX-I data taking in 2016-2019 complete
• Inclusive trigger: a very large statistics of photoproduction

Early results from GlueX
γp → p J/ψ Cross section at threshold: PRL 123, 072001 (2019) about 25% of the GlueX-I statistics 

100 citations

• No evidence for the LHCB 
pentaquarks in                     
γ p → Pc → J/ψ p :              
Br(Pc→J/ψp) < few %

• Production mechanism at 
threshold may probe QCD 
objects, as the 
gravitational form factor 
(Kharzeev and others)

D.Kharzeev, PRD 104 054015 (2021) 

mass radius:   Rm = 0.55 +/- 0.03 fm
charge radius: Rc = 0.8409 +/- 0.0004 fm
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Hall D … now
Eugene Chudakov

• Understand production mechanisms: Natural JP=0+, 1-, 2+, …and unnatural JP=0-, 
1+, 2- exchanges: measure the beam asymmetry Σ using linearly polarized beam

JLAB Hall D Early results from Meson Production

Meson Spectroscopy: Data Analysis Path 

γp→π0p γp→ηp

γp→π-∆++

(continued) 

PRC 95, 042201 (2017) PRC 100, 052201 (2019) PRC 100, 052201 (2019) 

γp→η’p

PRC 103, L02201 (2021) PRC 101, 065206 (2020) 

γp→K+Σ0

2107.12314 (2021) 

natural natural
natural

naturalunnatural natural γp→K+Λ(1520)
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Hall D … then
Eugene Chudakov

2.0GeV

0+- 2+-1-+

2.5GeV

JLAB Hall D Expected results and future plans 
Lattice QCD

Hybrid Mesons

Non quark-antiquark  
JPC

Experimental evidence for 1-+ 

• GlueX-I data analysis: 
• J/ψ : increase statistics  x4; known mesons: measure SDMEs, cross sections 
• Hybrid search: Partial Wave Analysis (PWA) in progress

γp→ηπ0p

PWA

ηπ0,η→γγ
ηπ0

• GlueX-II started data taking (enhanced PID and x5 statistics)

Approved Future Experiments
• Measurement of Γ(η→γγ) in Primakoff

production
• Pion Polarizabilities in Primakoff

production
• Short-range Correlations
• GDH sum rule
• Spectroscopy in KL beam (with a modified 

beam line)

ηπ0,η→π+π-π0

a0(980) 
a2(1320) 

?

to be resolved using 
PWA

PWA identifies the well 
known  a2(1320):
D waves for +/-
naturality
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Hall B … now
Marco Battaglieri
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Hall B … now
Marco Battaglieri
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CLAS DataCLAS Data

Radial excitation … 
longer tail … rR/rp=1.8 
… color must be 
screened … greater 
need for a meson-
baryon cloud!

25

N(1440)P11 J. Segovia et al., Phys. Rev. Lett. 115, 171801

Hall B … now

DSE Contact
DSE Realistic 
Inferred meson-cloud contribution
Anticipated complete result

Importantly, the existence of a zero in F2
is not influenced by meson-cloud effects, 
although its precise location is.
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N(1440)P11 J. Segovia and C.D. Roberts, arXiv:1607.04405

Hall B … now

DSE realistic
Scalar diquark
Pseudovector
Diquark exchange

DSE Realistic
Dressed quark
Diquarks
Exchange quark

CLAS Data

DSE Contact
DSE Realistic 
Inferred meson-cloud contribution
Anticipated complete result

CLAS Data

DSE Contact
DSE Realistic 
Inferred meson-cloud contribution
Anticipated complete result

d-quark
u-quark 

Flavor separation

Diquark contributions

Electrocoupling
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MM

27

History of Form Factors

S.R. Amendolia et al., Phys. Lett. B146, 116 (1984) S.R. Amendolia et al., Phys. Lett. B178, 435 (1986)

E.B. Hughes et al., Phys. Rev. B139, 458 (1965)

2

NN
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S11 Q3A1/2

F15 Q5A3/2
P11 Q3A1/2
D13 Q5A3/2

F15 Q3A1/2

D13 Q3A1/2

Evidence for the Onset of Precocious Scaling?

 A1/2 α 1/Q3

 A3/2 α 1/Q5

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

V. Mokeev, userweb.jlab.org/~mokeev/resonance_electrocouplings/ (2016)

Ye Tian
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Hall B … now
Viktor Mokeev

CLAS data: M. Osipenko et al., 
PRD 67, 92001 (2003)
Hall C data: Y. Liang, Ph.D. thesis 
of American University (2003)  

Resonant Contributions into Inclusive F2(W,Q2) Structure Functions

N* contributions :
A.N. Hiller Blin et al., Phys.
Rev. C 104, 025201 (2021)

Data points are from interpolation of 
the CLAS results re-evaluated with 
the σL/σT ratio from Hall C data  

Nick Markov 
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Hall B … then
Marco Battaglieri
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Hall B … then
Marco Battaglieri

within 4-5 years

within 5-7 years
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Hall B … then
Marco Battaglieri

within 4-5 years

within 5-7 years
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Hall C … now
Stephen Wood

Hall C

Two high momentum spectrometers
(11 GeV/c, 6+ GeV/c)

Several msr solid angle
Momentum bite > 15%
Good Particle ID, ΔP/P ≤ 1x10-3

High power cryogenic targets
Polarized Targets (p, d, 3He) and beam

Nucleon structure:
Precision measurements of:

Unpolarized structure functions
Polarized structure functions
Semi-inclusive and exclusive

meson production
(TMD’s, pi/K form factors)

Nucleon Form Factors

Nuclear:
Color Transparency
EMC effect
Short range correlations

Color Transparency LHCb pentaquark detected in 
J/ψ photo production
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Hall C … now
Stephen Wood

A(e,e′p)

Transparency: 
Probability that proton struck  in nucleus will 
emerge without being absorbed or 
rescattering.

Bhetuwal, et al., Phys. Rev. Lett 126, 082301 (2021)

Color Transparency: 
QCD predicts that at sufficiently high Q2, 
struck proton will be ”point-like” and nucleus 
will be more transparent.

Recent JLab Hall C doubled Q2

range – saw no onset of Color 
Transparency in 12C despite 
hints from other reactions that 
nucleus should be more 
transparent.

e
e'

p p'

Color Transparency
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Hall C … then
Stephen Wood

The pion form factor, Fπ, is clear test case 
to study the QCD transition from non 
perturbative to perturbative regions.

Fπ can be accessed by using electrons to 
knock out pions from the nucleon’s virtual 
pion cloud.

Hall C provides a unique capability to 
push pion form factor measurements to 
much higher Q2.

These measurements also extend to 
low Q2 allowing comparison with 
previous Fπ measurements made with 
elastic π+e- scattering. 

e-

projected errors

𝜋𝜋+ elastic scattering off electrons

Pion Form Factor
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Hall C … then
Stephen Wood

If p(e, e′ π) and d(e, e′ π) reactions can be factorized 
into the hard process of hitting a quark and the soft 
process of the struck quark fragmenting into pions, 
SIDIS can be used to study quark transverse 
momentum distributions and charge symmetry.
Lower energy energy JLab measurements hint that 
such factorization holds. 

(e, e′ π+) and (e, e′ π-) SIDIS measurements are 
underway in Hall C and a new “Neutral Particle 
Spectrometer” is being built to measure (e, e′ π0) 
to validate factorization. 
The NPS will also be used as a photon detector 
for other reactions such as Deeply Virtual 
Compton Scattering and Wide Angle Compton 
Scattering.

Semi-Inclusive Deep Inelastic Scattering (SIDIS)
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… Thanks
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