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Planned	Science	“Thrusts”

• The	experimental	study	of	gluonic excitations	in	order	to	understand	
the	fundamentally	new	dynamics	that	underpins	all	of	nuclear	
physics:	the	confinement	of	quarks.	
• The	Fundamental	Structure	of	the	Nuclear	Building	Blocks	
• The	Physics	of	Nuclei	

• The	emergence	of	nuclei	from	QCD	
• Fundamental	QCD	processes	in	the	nuclear	arena	
• Neutron	Skins

• Tests	of	the	Standard	Model	of	electro-weak	interactions	and	the	
determination	of	fundamental	parameters	of	this	model	
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•  What is the role of gluonic excitations in the 
spectroscopy of light mesons?  

•  Where is the missing spin in the nucleon? 
 Role of orbital angular momentum? 

  
 
•  Can we reveal a novel landscape of nucleon 

substructure through 3D imaging at the femtometer 
scale? 

•  What is the relation between short-range N-N 
correlations , the partonic structure of nuclei, and the 
nature of the nuclear force? 

 
•  Can we discover evidence for physics 

 beyond the standard model 
 of particle physics? 

excited gluon field 
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Robert McKeown 
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Note:	Hall	B	includes	Prad and	HPS	experiments
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A. Gasparian 

 (fm)pProton charge radius R
0.8 0.82 0.84 0.86 0.88 0.9 0.92

CODATA-2014

e-p scattering

H spectroscopy

p 2013µ

p 2010µ

H spectroscopy 2017

H spectroscopy 2018

PRad (Preliminary)

σ5.6 

PRad Preliminary result: 
Rp = 0.830  ± 0.008 (stat.) ± 0.018 (syst.) fm 

First	or	preliminary	results	exist	from	several	experiments,	including	HPS	and	PRad



1.A Mapping Gluonic Excitations and Understanding Confinement

The failure to observe isolated quarks or gluons, despite numerous searches, provides overwhelming
experimental evidence that quarks and gluons are confined in nature. An understanding of how
this confinement comes about in QCD is an outstanding fundamental question in physics. The
confinement mechanism operates when the separation between quarks is large, >∼ 1 fm. When the
separation is small, the quarks behave as if they are free, and the understanding of this asymptotic
freedom regime of QCD was recognized with the award of the 2004 Nobel Prize in Physics. Although
quarks and gluons do not exist in isolation, their bound states, hadrons, are observed, and the
prediction along with the experimental validation of their spectrum should provide a direct test of
our understanding of confinement. But the most direct tests will come from a mapping of those
hadrons that exhibit explicit gluonic degrees-of-freedom since the gluons mediate the force between
quarks. QCD predictions about the spectrum of such hadrons is tied to how well the mechanism of
confinement is understood so the experimental information on this spectrum is essential. The goal
of the GlueX experiment is to map these states starting with exotic hybrid mesons that possess a
unique signature distinguishing them from ordinary hadrons. Exotic hybrid mesons are expected to
be more readily produced in photon, as opposed to pion or kaon induced interactions. High quality
data on meson production with photons is sparse compared to extant data on hadroproduction of
mesons. The energy upgrade of the CEBAF accelerator to 12 GeV will provide a 9 GeV linearly
polarized photon beam into the GlueX detector in a new experimental hall (Hall D) optimized
to identify properties of mesons produced in the mass range where exotic mesons are expected
to occur. This combination of photon beam and detector will yield unprecedented statistics and
precision heretofore unavailable, and will provide a unique and important discovery potential for
GlueX.

Flux tubes and confinement. There is growing evidence from first-principles calculations of
QCD on the lattice (LQCD) that as the quark separation in a hadron grows the energy required
to separate the quarks increases linearly with distance. In a meson, for example, the quark (q) and
anti-quark (q̄) are sources or sinks of color electric flux in analogy with ordinary electric charges
and electric flux. Unlike ordinary electric flux, the color electric flux is expelled from the vacuum
and trapped in a flux tube connecting the q and q̄ (see Fig. 1(a)).

It has been pointed out that this is similar to the way a superconductor expels ordinary
magnetic flux and traps it in thin tubes called Abrikosov-Gorkov vortex lines. The formation of
these color electric flux tubes is related to the ability of gluons to self-interact through their color
charge. In contrast, for ordinary electric flux the field quanta, photons, do not self-interact and
thus do not form flux tubes. Figure 1(b) shows a LQCD calculation of the action density in the
color field in the vicinity of a q and q̄. The energy density peaks at the positions of the quarks and
is confined inside a flux tube in between. Figure 1(c) shows the corresponding potential between
the q and q̄ as a function of their separation r. At large values of r the potential is linear in r
while for smaller r the potential is Coulombic. This LQCD calculation is for heavy quarks in the
quenched approximation. More recent unquenched calculations show similar results. There is also
an analogy between the notion of a flux tube and notion of a relativistic string connecting the
quarks in a hadron. Indeed, Y. Nambu first introduced this idea to explain the so-called linear
Regge trajectories for light hadrons whereby the square of the hadron masses and their spins are
linearly related, i.e. m2 ∝ J . If one assumes the mass of the hadron is carried in the relativistic
rotating string with massless quarks at its ends, the linear relation between J and m2 follows,
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Figure 1: (a) The flux of chromo-electric field lines between a quark (q) and anti-quark (q̄) is
confined to a flux-tube; (b) LQCD prediction (from G. Bali) of the action density in the color
field in the space surrounding a q and q̄ showing the energy density peaking at the position of the
quarks and confined to a flux tube between the quarks; (c) The corresponding potential (also from
Bali) between the q and q̄ as a function of separation r. For large r the potential is linear while
for small r it is Coulombic. The LQCD calculation by Bali is for heavy quarks in the quenched
approximation. Recent unquenched calculations reach the same conclusions.

but only if the energy per unit length carried in the string is constant, which is equivalent to the
assumption of a linearly rising potential.

Conventional qq̄ mesons. In the conventional quark model of hadrons, there is no need to
invoke gluonic degrees of freedom to explain the observed spectrum of low-lying mesons composed
of up (u), down (d) and strange (s) quarks – the flux tube is in its ground state. For a given
total spin (S⃗ = S⃗q + S⃗q̄) and relative orbital angular momentum (L⃗ = L⃗qq̄) we expect a nonet of
mesons, all with the same JPC quantum numbers specified by the rules for a fermion-antifermion
system. These rules give J⃗ = L⃗ + S⃗, P = (−1)L+1 and C = (−1)L+S . JPC combinations such as
0−−, 0+−, 1−+, 2+−, . . . are not allowed and are called exotic. Within a nonet one expects to find
flavor states characterized by combining the flavors of u, d and s quarks into qq̄ combinations to
yield an iso-triplet with zero strangeness, two iso-doublets with strangeness +1 and −1, and two
strangeness zero iso-singlets. Consistent with this model, none of the known mesons carry flavor
exotic quantum numbers (e.g. doubly charged or strangeness +1 with negative charge). Many
positions in the low-lying nonets are assigned to known mesons. For the scalar mesons, there is
some evidence that there are more mesons than can be accommodated within the quark model. In
addition, there is some weak evidence that exotic JPC mesons might have been discovered. That
mesons beyond simple qq̄ bound states might exist is not inconsistent with QCD – indeed a richer
spectrum of mesons is expected.

Glueballs and hybrid mesons. One such family of QCD mesons consisting solely of self-
interacting gluons with no quark content are called glueballs, and there may be some experimental
evidence of such states. Since the quantum numbers of low-lying glueballs are not expected to be
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Additional	projects:

- Eta	factory	(Chiral	dynamics)

- Klong factory?

- GDH	sum	rule?



The GlueX program will also be able to make a substantial contribution to baryon spectroscopy.
The same characteristics (hermeticity, broad acceptance, and excellent particle ID) that were the
focus of the detector design for meson spectroscopy are essential for baron spectroscopy. The higher
energy of the Upgrade beams will extend baryon spectroscopy to include both higher excitation
energies and more exotic decay modes, such as double-strangeness cascades, which are expected to
have smaller widths and therefore be easier to see experimentally.

Summary. Advances in science are driven by advances in technology, and GlueX can now address
the experimental challenge of mapping exotic mesons because of recent developments in producing
thin diamond crystals (necessary for producing photon beams of requisite polarization), electronics
(to achieve data-taking rates), and significant increases in computational power (needed to analyze
large data sets). With the energy upgrade of the CEBAF accelerator, the final requirement to do
this fundamental physics will have been met. In parallel, increased computational power will also
enable LQCD calculations to yield the detailed prediction of the spectrum of exotic hybrid mesons
whose validation will lie in the experimental information from the GlueX experiment. Nowhere
else are accelerator and experiment so uniquely poised to exploit the discovery potential needed to
address an important and fundamental question in physics – the nature of confinement in QCD.

1.B The Fundamental Structure of the Nuclear Building Blocks

Nucleons (i.e., protons and neutrons) are the basic building blocks of atomic nuclei. Their interac-
tions determine the fundamental properties of nuclei, which, in turn, define the chemical elements
and their properties. They also determine the dynamics of nuclear reactions that fuel the Sun and
govern the evolution of the early Universe. The nucleons exhibit a complex internal structure of
their own, which is inseparably linked with their interactions. It is this fact which accounts for
the fascinating richness of nuclear phenomena, and which makes the physics of strong interactions
a uniquely challenging problem. Unraveling the internal structure of the nucleon is the key to
understanding phenomena at the nuclear and astrophysical level.

The structure of the nucleon is governed by the fundamental theory of strong interactions,
quantum chromodynamics (QCD). It describes the structure in terms of point-like elementary con-
stituents, quarks and gluons, whose interactions follow from a quantum field theory. The quarks
and gluons are directly observable only when probing the nucleon at distances significantly smaller
than 1 fm = 10−15 m, i.e., in reactions at high momentum transfers. At distances of the order of
1 fm, the interactions between the quarks give rise to phenomena that qualitatively change the char-
acter of the dynamics — the confinement of quarks (absence of free quarks), and the spontaneous
breaking of chiral symmetry (generation of dynamical quark masses). These phenomena make the
actual calculation of nucleon properties in QCD an exceedingly complex problem, which is ad-
dressed either by large–scale computer simulations or by dynamical models using effective degrees
of freedom. Our understanding of the fundamental quark and gluon structure of the nucleon based
on quantum chromodynamics is still at a very preliminary stage compared to our understanding of
atomic structure based on quantum electrodynamics [Th01].

Electron scattering experiments have played a crucial role in exploring the internal structure
of the nucleon. The first direct evidence for the extended nature of the proton came from measure-
ments of the form factors of eN elastic scattering (Hofstadter, Nobel Prize). The form factors are
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Figure 7: Overview of reactions in eN scattering probing the generalized parton distributions.
(a) Inclusive deep–inelastic scattering probes the GPD’s in the “diagonal” case (zero momentum
transfer to the nucleon), where they coincide with the usual parton densities in the nucleon. (b) The
elastic form factors of the nucleon constrain the moments (x–integrals) of the GPD’s at non-zero
momentum transfer, t. (c) Deeply–virtual Compton Scattering (DVCS) probes the GPD’s at
nonzero t and longitudinal momentum transfer, x2 ̸= x1. The Compton process takes place in the
reaction with a single quark or antiquark, whose emission and absorption by the nucleon is described
by the GPD’s. (d) GPD’s in deeply–virtual meson production. Different mesons (ρ, π, K) probe
different spin–flavor components of the GPD’s.
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Nuclear Femtography 
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•  Transverse Momentum Distribution (TMD)  
– Confined motion in a nucleon (semi-inclusive DIS) 
 

•  Generalized Parton Distribution (GPD)  
– Spatial imaging (exclusive DVCS) 
 

•  Requires  
– High luminosity 
– Polarized beams and targets 
– Sophisticated detector systems 
   

 Major new capability  
with JLab @ 12 GeV 

5D 

3D 

Center for Nuclear Femtography 
 

•  Proposal to Commonwealth of Virginia 
  Initial request of $0.5M for pilot study awarded;                       
funding of ~$2M/year envisioned 

•  Consortium of Virginia universities 

•  Theoretical physics, experimental physics, 
computation, data science, statistics – 
interdisciplinary effort 

•  Benefit to 12 GeV program and future EIC studies 

•  Symposium on Imaging and Visualization in 
Science’ , UVa, Dec. 10-11, 2018. 
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Figure 4: Nucleon tomography: (a) The Fourier transform of the GPD describes the simultaneous
distribution of quarks with respect to longitudinal momentum, xP , and transverse position, b, in the
infinite momentum frame. (b) It produces a 1+2–dimensional “tomographic” image of the quark
structure of the nucleon [Bu03], which, for example, allows one to clearly identify the contribution
from the valence quarks (x ≥ 0.3, moderate b) and the pion cloud (x ≤ 0.1, b ∼ 1/Mπ) [St03a].

to the nucleon, t. In the diagonal case (zero momentum transfer) they reproduce the “usual” quark
densities measured in inclusive eN scattering. On the other hand, when integrated over the quark
momentum fraction, the GPD’s reproduce the elastic nucleon form factors.

The Fourier transform of the GPD’s with respect to the momentum transfer to the nucleon
describes the simultaneous distribution of quarks and gluons with respect to longitudinal mo-
mentum fraction and transverse position (“impact parameter–dependent parton densities”) in the
infinite momentum frame (see Fig. 4 [Bu03, Di02]). These functions provide a “1 + 2”–dimensional
representation of the parton structure of the nucleon, which offers unprecedented possibilities for
visualizing the nucleon as an extended object, and provides a new arena for testing dynamical
models of its structure. The transverse spatial distribution of partons is also a crucial ingredient in
modeling high–energy proton–(anti)proton collisions with hard QCD processes, which are studied
at the Fermilab Tevatron and the CERN LHC [Fr04].

The new representation also naturally lends itself to the discussion of polarization phenomena.
For example, the Fourier transform of the Pauli form factor–type GPD can be interpreted as the
distortion of the longitudinal motion of the quarks induced by a transverse polarization of the
nucleon [Bu02]. The second moments of the Dirac and Pauli form–factor type GPD’s contain
the information about the total (spin plus orbital) quark contribution to the nucleon spin, Jq =
1
2∆Σ+Lq [Ji97]. A measurement of this quantity, combined with existing data on ∆Σ from inclusive
deep–inelastic scattering, will make it possible to determine the quark orbital angular momentum,
Lq. The GPD’s also contain information about the forces acting on the quarks inside the nucleon
[Po03].

More generally, the GPD’s can be related to the quantum phase-space (Wigner) distributions
of quarks and gluons in the nucleon [Ji03, Be03]. A phase–space function represents a correlated
momentum and coordinate distribution, and contains much more information than the momentum
or coordinate space distribution alone. Phase space distributions have been widely used in many
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ALU	

CLAS12	(projected)	

Published	in	Nature	
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ALU	

CLAS12	(projected)	

Published	in	Nature	

at fixed values of xB. The Q
2-dependence of these cross sections is the essential test of

factorization, and will quantify the contribution to the scattering amplitude of higher-twist
quark-gluon correlations. The larger goal of the global Deep Virtual Exclusive Scattering
(DVES) e↵ort is to provide su�cient constraints on the Generalized Parton Distributions
(GPDs) to form spatial images of the quarks and gluons inside the proton (and other
atomic nuclei) and to constrain the contribution of parton orbital angular momentum to
the proton spin.
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Kin_60_3

DVCS3 Kinematic_Coverage

FIG. 5. Kinematic coverage of
Hall A DVCS experiment E12-06-
114 from 2014–2016 run. Each
disjoint group of events is one set-
ting of the electron spectrometer
(HRS). Each color corresponds to
a Q

2 scan at fixed xB. the inci-
dent beam energies ranged from
6.6 to 11 GeV.

In the past year, we continued the analysis of the Hall A DVCS 2014–2016 run of
E12-06-114. The kinematic coverage is illustrated in Fig. 5 In the past year, doctoral
student Hashir Rashad (C.Hyde, supervisor) completed trigger e�ciency studies and HRS
(electron spectrometer) optics, tracking e�ciency and acceptance studies. For 2019 his
goal is to complete a DVCS analysis of these data, including a model of the H(e, e0�)N⇤ !
N⇡ channel at N⇡ threshold [1], which is an important background to the exclusive
H(e, e0�)p channel of interest. Inclusion of the threshold N

⇤ production will provide an
important validation of the systematic errors of our DVCS analyses. A preliminary cross
section result from the collaboration is presented in Fig. 6

Doctoral student Ms. Dilini Bulumulla (C. Hyde, supervisor) is analyzing CLAS12
Run Group A (10.6 GeV beam incident on an unpolarized liquid H2 target) for deep
virtual �- and ⇢-meson production:

ep! ep⇡⇡ (1)

The CLAS12 kinematic coverage for these reactions is illustrated in Fig. 7 The ⇢-meson
is present only in the ⇡

+
⇡
�

p-wave channel, but the � = f0(500) and the f0(980) con-
tribute to both the ⇡

+
⇡
� and ⇡

0
⇡

0
s-wave channels. We are following the deep virtual

⇡⇡ formalism of Lehmann-Dronke et al., [2, 3]. A particularly intriguing aspect of this
reaction is the predicted sensitivity to the pure gluon content of the �-meson. In addition,
we will perform a full analysis of s-channel helicity conservation (SCHC) in this reaction.
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GPDs
Preliminary cross sections
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• Unpolarized: DVCS term dominant at ϕ = 180°, 
interference increases at ϕ = 0° and ϕ = 360°. 

• Twist-2 dominant, Twist-3 very small.

• Unpolarized: good agreement of model KM15 with data.

• Polarized: fairly good agreement of both models with 
data.

• KM10a & KM15: global fits to DVCS data.
• KM10a: does not use Hall A data.

• KM15: use Hall A and CLAS data up to 2015.
K. Kumerički, S. Liuti, and H. Moutarde, 2016.

K. Kumerički and D. Müller, 2015.

http://calculon.phy.hr/gpd/

Q2 = 3.6 GeV2

xB = 0.36
t - tmin = - 0.155 GeV2

FIG. 6. DVCS cross section (Left: unpolarized, Right: electron-helicity dependent) in one
kinematic setting from Fig. 5, and one bin in t = (q � q

0)2.

Ms. Bulumulla is also part of the forward Drift Chamber calibration and data quality
monitoring groups within the CLAS12 collaboration.

FIG. 7. Event statistics in the
Q

2 vs xB plane from four hours
of CLAS12 Run Group A data
at 10.6 GeV. These are candi-
date deep virtual exclusive events:
H(e, e0

p)X events with W > 2
GeV and MX < 2 GeV.

We continue preparations for a multi-energy DVCS and deep ⇡
0 experiment in Hall

C (E12-13-010). This includes the construction of a sweep magnet (funded by an NSF
MRI grant, (C.Hyde, M.Amaryan co-P.I.), which will allow us to move the calorimeter to
smaller angles compared to our previous Hall A DVCS experiments. Combined with the
11 GeV beam and the HMS spectrometer, this will give us a broader reach in (Q2

, xB)
at multiple energies for Rosenbluth separations of Deep Virtual ⇡

0 production, and the
energy dependence of DVCS. The sweep magnet is now assembled at JLab, and ODU
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Figure 6: The JLab 6 GeV data on the ratio of proton form factors, F p
2 /F p

1 , and the projected
measurements at 12 GeV. Perturbative QCD implies that F p

2 /F p
1 ∼ 1/Q2 for Q2 → ∞. The graph

illustrates the potential of form factor measurements at 12 GeV to discriminate between GPD
models. Shown are the predictions of a Regge–based GPD model [Gu04] and a model based on soft
Gaussian nucleon wavefunctions modified by a short–range interaction [St03d].

could be measured up to 14 GeV2, probing the proton’s structure at distances as small as 0.1 fm.
Knowledge of neutron form factors at high Q2 is equally important. With the 12 GeV Upgrade,
the neutron magnetic form factor could be measured up to about 14 GeV2, and its electric form
factor up to 8 GeV2.

The 12 GeV form factor measurements will provide crucial constraints on the first moments of
the GPD’s and their t–dependence. Fig. 6 demonstrates the power of form factor measurements to
discriminate between GPD models. An equally important consideration is that form factors can be
measured up to high |t| (= Q2 for elastic scattering), while direct measurements of the GPD’s in
exclusive processes are restricted to |t| ≤ 1 GeV2. Thus, form factor measurements will continue to
provide our only source of information about the quark distributions at small transverse distance
scales.

GPD’s in deeply–virtual Compton scattering. GPD’s can be measured in certain ex-
clusive processes in eN scattering, namely Deeply Virtual Compton Scattering (DVCS) and Deeply
Virtual Meson Production (DVMP). At large Q2 and scattering energy, these processes are dom-
inated by the scattering from a single quark or antiquark, whose emission and absorption by the
nucleon is described by the GPD’s, see Fig. 7. The amplitude of the “hard” scattering process at
the quark level can be calculated in perturbative QCD (factorization). The measured cross sec-
tions and spin asymmetries can then be used to extract the “soft” information about the nucleon
contained in the GPD’s.

In the reaction eN → eNγ at JLab energies, photons are produced not only via DVCS from the
nucleon, but also (and even more copiously) via the electromagnetic Bethe-Heitler (BH) process.
The two processes interfere, and the BH term, which is completely determined by the well-known
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

Parity-violating electron scattering is an important 

part of JLab’s program and will continue to be so in 

the future. Examples include the Qweak experiment, 

which measured the “weak charge” of the proton, 

and PREX, which measured the radius of the neutron 

distribution in lead. Future proposed experiments 

include PREX-II, CREX, MOLLER, and a program utilizing 

the SoLID detector. These experiments are covered in 

Chapters 3–5.

Flavor Separated Form Factors of the Nucleon

At the time of the 2007 LRP, the elastic form factors 

of the proton were known to much higher momentum 

transfer than was the case for the neutron. A lingering 

discrepancy also remained between the determinations 

of the proton form factors between two experimental 

methods, ascribed to the probability that two photons 

rather than one were exchanged in the electron 

scattering process. The latter hypothesis has been 

the topic of experiments comparing electron and 

positron scattering and appears correct. Furthermore, 

the range over which the neutron’s form factors are 

known has now more than doubled. This, together with 

the aforementioned constraints on strange-quark form 

factors, has made it possible to extract the form factors 

associated with u and d quarks individually by combining 

data from both the proton and the neutron. 

The results are illustrated in Figure 2.1. Surprisingly, the 

u- and d-quark contributions differ with increasing Q2 or 

resolving power. Several theo retical interpretations of 

their behavior seem to suggest the presence of diquark-

like structures within the nucleon, structures in which 

two of the quarks in the nucleon are much closer to one 

another than they are to the third quark. Such diquark-

like structures have long been hinted at by baryon 

spectroscopy (see the “Hadron Spectroscopy” section), 

so it is exciting to see possible evidence for them in a 

very different context.

One of the important goals of JLab’s 12-GeV upgrade 

is to push our knowledge of the elastic nucleon form 

factors into new territory. For the proton, the range of 

momentum transfer will be significantly increased, and 

the precision will be dramatically improved. For the 

neutron, the range of momentum transfer will be nearly 

tripled. The “Super Bigbite Spectrometer” (SBS) under 

construction in JLab’s Hall A will be critical here. Given 

the important discoveries that have already emerged 

from form-factor measurements at JLab, the discovery 

potential of these new measurements is considerable.

Figure 2.1: The u- and d-quark contributions to the nucleon form factors 
and their surprising difference. The extraction of these quantities was made 
possible by measuring the neutron form factors to high values of momentum 
transfer. The range will be tripled with JLab’s 12-GeV Upgrade.

A Puzzle Surrounding the Size of the Proton

Physicists around the world are seeking a solution to 

a puzzle concerning the charge radius of the proton. 

Recent results from precise atomic spectroscopy 

using muonic hydrogen found the radius to be 

seven standard deviations smaller than the previous 

accepted value extracted from a combination of form-

factor measurements using electron scattering and 

atomic spectroscopy using conventional hydrogen. 

Theorists are exploring ways to explain this discrep-

ancy, including the possibility that it is due to physics 

beyond the Standard Model. New generations of 

precise experiments are planned to address the 

mystery, including the PRad experiment at JLab (electron 

scattering at very small angles) and the muon-scattering 

MUSE experiment at the Paul Scherrer Institut (PSI).

The Charged Pion Form Factor

The pion plays a unique role in nature. It is the lightest 

quark system, with a single valence quark and a single 

valence antiquark. It is also the particle responsible for 

the long range character of the strong interaction that 

binds the atomic nucleus together. Physicists believe 

that the underlying rules governing the strong interaction 

are left-right—that is, chirally—symmetric. If this were 

completely true, the pion would have no mass. But the 

chiral symmetry of massless QCD is broken dynamically 

by quark-gluon interactions and explicitly by inclusion 

of light quark masses, giving the pion mass. Thus, the 

pion is seen as key to confirm the mechanisms that 

dynamically generate nearly all of the mass of hadrons 

and central to the effort to understand hadron structure.

With such strong theoretical motivation, the study of 

the pion form factor is one of the flagship goals of the 

JLab 12-GeV Upgrade. It will be studied using a new 

instrument, the “Super-High Momentum Spectrometer” 
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Figure 2: In an impressive tour-de-force, scientists have now calculated the 
properties and structure of light nuclei with LQCD. Shown here are the 
magnetic moments of the proton, neutron, deuteron, 3He, and triton. The 
red dashed lines show the experimentally measured values. The solid bands 
are the result of LQCD calculations with a pion mass of 805 MeV.

It has even become possible to calculate the properties 

of light nuclei. Nuclear scientists have managed to 

extract the magnetic moments of the lightest nuclei from 

LQCD calculations, with reasonable agreement with 

experimental values as shown in Figure 2. We anticipate, 

within the next several years, precision calculations of 

light nuclei, their properties, their structure, and their 

reactions.

With the growing capability to perform precise LQCD 

calculations of many quantities of crucial importance to 

the mission of nuclear physics, including the properties 

and structure of hadrons and light nuclei and the forces 

between them, we are truly entering a golden era.

(SHMS) in Hall C. As is illustrated in Figure 2.2, SHMS 

will nearly quadruple the momen tum transfer over which 

the pion form factor is known. These measurements will 

probe a broad regime in which the phenomenology of 

QCD begins to transition from large- to short-distance-

scale behavior.

Expressions of Chiral Dynamics in Hadrons

The special status of pions and kaons in QCD and 

their marked impact on the long-distance structure of 

hadrons can be systematically encoded in an effective 

theory, applicable to processes at low energy. This 

effective theory, as well as emerging LQCD calculations, 

can provide benchmark predictions for so-called 

polarizabilities that parameterize the deformation of 

hadrons due to electromagnetic fields, spin fields, or 

even internal color fields. Great progress has been made 

in determining the electric and magnetic polarizabilities. 

Within the next few years, data are expected from the 

High Intensity Gamma-ray Source (HIaS) facility that will 

allow accurate extraction of proton-neutron differences 

and spin polarizabilities. JLab also explores aspects 

of this physics. The most precise measurement of 

the neutral-pion decay rate, exactly calculable from 

fundamental constants, was already done at JLab, and 

with the 12-GeV Upgrade the pion polarizability and 

decays of other light pseudoscalar mesons will be 

measured.

Figure 2.2: Existing (dark blue) data and projected (red, orange) 
uncertainties for future data on the pion form factor. The solid curve (A) is 
the QCD-theory prediction bridging large and short distance scales. Curve 
B is set by the known long-distance scale—the pion radius. Curves C and 
D illustrate calculations based on a short-distance quark-gluon view.

The 1D Picture of How Quarks Move within a Hadron

Whereas form factors provide a picture of hadrons as 

a whole, a technique called deep inelastic scattering 

(DIS) is used to access their quark substructure. In DIS, 

high-energy electrons scatter hard off individual quarks, 

and the proton or neutron is essentially destroyed in 

the collision. By measuring the angle of the scattered 

electron and the energy it loses in the collision, it 

is possible to discern the fraction of the nucleon’s 

momentum that was carried by the struck quark. This 

fraction is referred to as the longitudinal momentum 

fraction x. The probability of finding a quark with a 

specific momentum fraction x is what is referred to as 

a parton distribution function (PDF). In short, the PDFs 

provide us with a one-dimensional (1D) picture describing 

the motion of the quarks within the hadron.
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Figure 11: Projected measurements of the pion electromagnetic form factor, Fπ(Q2), made possible
by the proposed 12 GeV Upgrade. Also shown are various model predictions for its behavior in the
region Q2 ∼ few GeV2. Perturbative QCD predicts Fπ ∼ 1/Q2 for Q2 → ∞.

Valence quark structure. One of the most fundamental properties of the nucleon is the struc-
ture of its valence quark distributions. Valence quarks are the irreducible kernel of each hadron,
responsible for its charge, baryon number and other macroscopic quantum numbers. In deep–
inelastic scattering at average values of x, the valence quarks are “dressed” by quark-antiquark
pairs produced by non-perturbative effects at large distance scales (∼ 1 fm), as well as by gluon
bremsstrahlung at short distances. At higher x values these qq̄ contributions drop away, and the
physics of the valence quarks is cleanly exposed [Is99].

While deep inelastic scattering and other experiments have provided a detailed map of the
nucleon’s quark distributions at average (∼ 0.3) and small values of x, there has never been an
experimental facility capable of accurately measuring the cross sections throughout the “deep va-
lence region” (x > 0.5) where the three basic valence quarks of the proton and neutron dominate
the wavefunction. This represents a glaring gap in our knowledge of nucleon structure, especially
since there are qualitatively different predictions for the quark spin and flavor distributions in the
x → 1 limit. The 12 GeV Upgrade will for the first time provide the necessary combination of high
beam intensity and reach in Q2 to allow us to map out the valence quark distributions at large
x with high precision. These measurements will have a profound impact on our understanding of
the structure of the proton and neutron. They will also provide crucial input for calculating cross
sections for hard processes in high–energy hadron–hadron colliders such as the LHC, in searches
for the Higgs boson or for physics beyond the Standard Model.

Valence quark spin distributions at large x. The 12 GeV Upgrade will allow for mea-
surements of inclusive spin structure functions at large x with unprecedented precision. As an
example, Fig. 12 shows the neutron polarization asymmetry, An

1 , which is determined by a ratio
of spin-dependent to spin-averaged quark distributions. Most dynamical models predict that in
the limit where a single valence up or down quark carries all of the nucleon’s momentum (x → 1),
it will also carry all of the spin polarization (i.e., An

1 → 1 as x → 1). Existing data on An
1 end

before reaching the region of valence quark dominance, and show no sign of making the predicted
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FIG. 1. Simulated data for experiment E12-06-109 at 11 GeV. Left: Expected results for A1p.
Right: Expected results for A1d. Several theoretical model predictions are indicated by dashed
lines and shaded bands.

a large x range and moderate to very low Q2 to test predictions for various sum rules
and calculations based on chiral perturbation theory (�PT). The deuteron results from
this experiment have been analyzed by our former doctoral student K. Adhikari and
have been published as well as presented at several conferences. The proton analysis
has been restarted with new collaborators (Dr. X. Zheng and our former doctoral stu-
dent, Dr. J. Zhang, at Univ. of Virginia) and is progressing quickly. One of us (Dr.
Kuhn) is working on detailed simulations, including radiative corrections, and extracting
Physics observables from the data. Preliminary results of the proton analysis have been
presented at the international ECT* workshop on “Nucleon Spin Structure at low Q: A
Hyperfine View”, July 2-6 2018, Trento (Italy), where S. Kuhn gave the introductory
plenary talk. We expect to continue our involvement at about the same level for another
year, by which time we expect the data analysis to be complete and a paper to be written.

Duality and combined fits

Another remaining project from the 6 GeV era is to test the validity of quark-hadron
duality in spin structure functions, using the results from the program in Hall B. This is a
low-level e↵ort by Dr. Kuhn and his Ph.D. advisee, V. Lagerquist. We expect to publish
a paper on our results next year. We are also working on an updated phenomenological fit
to world data which will be very helpful for the interpretation of upcoming spin structure
function results.
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Reaching for the Horizon

In DIS, the momentum fraction x of the quark off which 

an electron scatters provides insight into whether the 

quark was most likely a valence quark (larger values of x) 

or a sea quark (smaller values of x). Naively, if a hadron 

were composed of three quarks, we might expect each 

quark to carry about 1/3 of the momentum. Because the 

quarks are bound and exchanging gluons, however, 

they can carry a momentum fraction anywhere from 0 

to 1. JLab turns out to be an excellent place to study the 

valence-quark region, very roughly from around 0.1 up to 

values approaching unity.

The Quark Valence Structure

One feature of the valence quark structure that is of 

particular interest is the ratio d(x)/u(x) in the limit of the 

momentum fraction x approaching one. Here d(x) and 

u(x) are the PDFs for the d and u quarks, respectively. 

While in general it is not yet possible to calculate PDFs 

from first principles, near x=1, there are some definite 

model predictions for the ratio of d/u, making such a 

measurement a powerful test of our understanding of 

hadronic structure within QCD.

The ratio d/u will be measured (see Figure 2.3) using the 

12-GeV upgraded CEBAF in multiple ways. In the early 

years, it will be measured by comparing scattering from 

the mirror nuclei 3He and 3H, as well as by handpicking 

events where the scattering takes place off a near-

free neutron in 2H. Later, the ratio can be accessed by 

measuring the aforementioned parity-violating effect in 

DIS with the foreseen SoLID detector.

Figure 2.3: Projected uncertainties (offset for display) for JLab 12 -GeV 
measurements of the ratios of the PDFs for the d and u quarks at large 
momentum fraction x. The yellow band represents the uncertainty in the 
existing measurements under several theoretical assumptions. Various 
predictions for this ratio in the limit of x = 1 are given by the blue lines.

Of similar interest are the spin-dependent PDFs, Δu(x) 

and Δd(x), that quantify the orientation of the spin 

of u and d quarks. Both Δu(x)/u(x) and Δd(x)/d(x) are 

predicted to approach unity as the momentum fraction 

x approaches 1. Whether this is the case or not, and, if 

true, the manner in which they do so, provides important 

insight on nucleon structure. Measurements of these 

quantities at JLab provided early hints that quark orbital 

angular momentum plays an important role in nucleon 

structure. With the 12-GeV Upgrade, the spin structure of 

the valence region will be mapped out in exquisite detail.

The Sea Quark and Gluon Structure

In atomic systems, the particle-antiparticle pairs induced 

by quantum fluctuations play a relatively minor role. In 

contrast, in strong interactions, quark-antiquark pairs 

are readily produced as a result of the relatively large 

magnitude of the strong force, and they form an integral 

part of the nucleon’s structure.

While JLab will measure the ratio d/u for the valence 

quarks, other experiments will measure a similar ratio for 

the light (sea) antiquarks, d
–
/ū. This ratio was originally 

assumed to be unity, as quantum fluctuations are 

creating both. Experiments using the Drell-Yan process 

(in which a quark from one nucleon annihilates with a 

sea antiquark from another nucleon) observed d
–
 quarks 

to be more prevalent than ū quarks, a smoking gun 

for a definite role of sea quarks in nucleon structure. 

SeaQuest at Fermi National Accelerator Laboratory 

(FNAL) exploits this process to measure d
–
/ū to higher 

values of x, a region where ū may well become 

prevalent. A proposal is being discussed to upgrade 

SeaQuest with a polarized beam and target that could 

point to whether light sea quarks have orbital angular 

momentum.

At RHIC, the production of W bosons in polarized proton-

proton collisions serves as an elegant tool to study 

both the unpolarized and the spin-dependent PDFs 

for intermediate regions of the momentum fraction x. 

The data from RHIC have provided the first evidence 

that the spin carried by ū quarks (Δū) differs from that 

of d
–
 quarks (Δd

–
) as evidenced in Figure 2.4, which 

shows a global analysis incorporating RHIC data. This 

asymmetry between u and d quarks in the sea again 

underscores the role of sea quarks in nucleon structure. 

As discussed in Sidebar 2.6 of the EIC subchapter, the 

RHIC program has also led to our first real glimpse of 

the quantity known as ΔG, the fraction of the proton spin 

carried by the intrinsic spin of the gluons. This important 

development, indicating that ΔG is nonzero and positive, 

Run Group C

Run group C consists of 6 experiments and will use CLAS12 with a 11 GeV beam to
measure polarization observables in inclusive, semi-inclusive and exclusive (in particular
DVCS) processes. Our group leads Experiment E12-06-109 (“EG12”) to measure inclusive
spin structure functions of the nucleon over a wide range in momentum transfer Q2 and
final state mass W (from elastic and quasi-elastic to deep inelastic scattering). This
experiment will complete our campaign to fully explore the spin structure of the nucleon
in the valence region, over the range 0.06 < x < 0.8, see Fig. 1. It was approved by
Je↵erson Lab PAC36 for the full requested 80 days with rating “A”. S. Kuhn is the
contact person for E12-06-109, and he and S. Bültmann are co-spokespersons. S. Kuhn
is also the overall run group coordinator for run group C.

FIG. 2. 1 K refrigerator for the Run Group C longitudinally polarized target under construction
at Je↵erson Lab.

The main e↵ort of our group over the past year has been the preparation for a suc-
cessful first run of the CLAS12 Run Group C with a longitudinally polarized proton and
deuteron target. This e↵ort involves Drs. Kuhn and Bültmann as well as Ph.D. student
V. Lagerquist. A second student, P. Pandey, has joined our group to work on this project
in the future. In this e↵ort we are collaborating with groups from Je↵erson Lab, Univer-
sity of Virginia, Christopher Newport University, Fairfield University, IPNO Orsay, Idaho
State University, and the Universidad Tecnica Federico Santa Maria in Valparaiso, Chile.

Over the last year, we have

• organized an extensive program of simulations, tests and prototyping to determine
the optimal configuration of the target and beam line,

• helped design and build various components of the polarized target, including the
refrigerator (see Fig. 2),

• tested the dual target cell design, including NMR coils and correction coils for a
more homogeneous magnetic field (V. Lagerquist),

• analyzed measurements of the CLAS12 solenoid field to arrive a precise model of
this field, which is needed both for the polarized target design and to optimize
reconstruction of charged particle tracks in CLAS12, and

4

Drs. Bültmann (co-spokesperson and contact person) and Kuhn (co-spokesperson and
Run Group F coordinator) are leading the preparation for BONuS12. The importance
of this experiment was emphasized in the most recent NSAC Long Range Plan, which
includes Fig. 3 showing the expected experimental results. Presently, Run Group F is
scheduled to be installed starting December 2019 to run in winter/spring 2020 as part of
the CLAS12 experimental program.

Our group has been leading a multi-pronged e↵ort to develop, design, prototype and
build a new spectator proton recoil detector (“RTPC”), shown in Fig. 4, and ancillary
equipment in preparation for this new run. We are also spearheading the software de-
velopment and simulation and reconstruction e↵ort for BONuS12. Finally, with the help
of substantial supplemental funding for our DOE grant as well as support from a “4VA”
grant, we have acquired many parts and equipment both for benchmark testing and the
final detector.

FIG. 4. Engineering drawing of the new RTPC detector with its insertion holder and electronics.
Beam direction is from left to right.. Proton racks are read out by ⇡18000 pads 4 mm long and
2.75 mm wide on a readout board at 7.9 cm radius. All pads are read out every 120 ns (yielding
about 30-50 individual space points per track) by the DAQ system based on the DREAM chip
developed by Saclay (left). Each proton track is curved in the 5 T magnetic field of the central
detector solenoid of CLAS12 and can be reconstructed in 3 dimensions, using the pad ID and
timing information.

Over the past year, three PIs (Drs. Bültmann, Dodge and Kuhn), one full-time post-
doc (Dr. G. Charles followed by Dr. M. Hattawy), three graduate students (N.Dzbenski -
advisor: G. Dodge, D. Payette - advisor: S. Kuhn, and J. Poudel - advisor: S. Bültmann)
as well as several undergraduate students (D. Akers, M. Splitstone, E. Deir) have been
working on this project. Two more graduate students have joined the project over the
summer and one of them, Madhusudan Pokhrel, will work on BONuS as his thesis project.
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Figure 12: Projected measurement of the neutron polarization asymmetry, An
1 , with the 12 GeV

Upgrade. The shaded band represents the range of predictions of valence quark models; the solid
line is the prediction of a pQCD–based quark model.

dramatic transition An
1 → 1 (recent data from the JLab Hall A experiment E99-117 [Zh03a, Zh04]

show the first hint of a possible upturn at the largest x value). There is a similar lack of data on
other deep inelastic scattering observables in this region.

Flavor structure of valence quarks at large x. Even in unpolarized deep–inelastic scat-
tering, where the available data are best, there are long-standing unresolved issues. One example
is the ratio of down to up quarks in the proton, d(x)/u(x), whose large–x behavior is intimately
related to the fact that the proton and neutron, and not the ∆, are the stable building blocks
of nuclei [Cl88]. This ratio requires measurement of the neutron as well as the proton structure
function. Information about the neutron has to be extracted from deuterium data, and is difficult
to disentangle from nuclear effects (binding of p and n) at large x [Wh92, Me96]. Figure 13 shows
the precision with which this fundamental ratio can be measured with the 12 GeV Upgrade. The
proposed experiment will utilize a novel technique, currently being pioneered at JLab; detection of
the slowly recoiling proton spectator will “tag” scattering events on a nearly on-shell neutron in a
deuteron target [Fr88, Me97]. An independent measurement of d(x)/u(x) can be made by exploit-
ing the mirror symmetry of A = 3 nuclei in simultaneous measurements with 3He and 3H targets
[AF00, Pa01, Sa01, Af03]. Both methods are designed to largely eliminate the nuclear corrections,
thereby permitting the d/u ratio to be extracted with unprecedented precision.

Spin structure of the nucleon. The precise way in which the spin of the nucleon is distributed
among its quark and gluon constituents is one of the most fundamental questions that can be
addressed in nonperturbative QCD. Starting from the famous “spin crisis” of the European Muon
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Ø Target	and	Beam	Polarization
• Can	use	similar	methods	(Møller/Compton	scattering,	NMR,	inclusive	and	exclusive	

scattering)
Ø Backgrounds

• Same	as	DIS…
• +	misidentified	hadrons	(π+ vs.	K+ vs.	p)
• +	combinatorial	background	(π0 →	γγ)
• +	accidental	coincidences

Ø Radiative Corrections
• More	complicated	but	less	pronounced	than	for	inclusive	scattering
• POLRAD,	HAPRAD	and	various	generators…

Ø Extract	moments	(sinφ,	cosφ,	sin2φ,	cos2φ,…)
• Fine	binning	and	fit
• Moments;	correct	for	acceptance

Ø Monte	Carlo	simulations	for	acceptance	etc.
Ø Models	⇒ TMDs,	GPDs,…
Ø Final	results,	

publications,	
talks,…

TMDs
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Figure 15: Projected measurements of the Collins and Sivers transverse single–spin asymmetries
in semi-inclusive pion production at 12 GeV. The HERMES data are shown for comparison. The
curves represent the phenomenological parameterizations of Ref. [Ef04].

the Sivers asymmetry (final state photons or hadrons in semi-inclusive deep–inelastic scattering)
probe the transverse momentum distributions (TMD’s) of quarks in the nucleon through its sensitiv-
ity to the interactions of the “struck” quark with the target remnants [Co93, Br02, Co02]. Figure 15
illustrates the qualitative improvement in the determination of these asymmetries compared to pre-
vious experiments. These data, together with precision data from inclusive spin structure function
measurements at 12 GeV, will provide a comprehensive picture of the orbital motion of quarks and
antiquarks in the nucleon for the first time.

The parton–hadron transition. A major unresolved issue in strong interaction physics is
how the parton structure of the nucleon probed in scattering experiments with high momentum
transfer, Q2 ≫ 1 GeV2, turns into the hadronic structure observed at low momentum transfer,
Q2 ≪ 1 GeV2. Exploring this transition is crucial for understanding the non-perturbative effects
determining hadron structure in QCD — confinement and the spontaneous breaking of chiral sym-
metry. On the practical side, a quantitative understanding of the limits of the perturbative QCD
description is a prerequisite for experiments aimed at mapping the quark and gluon structure of
the nucleon. The 12 GeV Upgrade would allow for comprehensive studies of the transition from
the “partonic” to the “hadronic” regime. It provides the necessary luminosity and Q2–range to
perform accurate measurements of the structure functions in the resonance region over a wide range
of Q2. The excellent kinematic coverage in the Bjorken variable, x (see Fig. 3), and the design of
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

In these experiments, the quark struck in the scattering 

process must, as it cannot exist in isolation, join with 

an antiquark partner or two quark partners to form new 

hadrons. The latter process is called fragmentation. The 

hadron resulting from the fragmentation process retains 

a memory of the original transverse motion of the quark 

and can, thereby, present new information about the 

transverse momentum dependence of the quark within 

the nucleon. The correlations of spin and the transverse 

momentum of quarks give rise to asymmetries in the 

distributions of the produced particles. One source 

of such asymmetries is the correlation between the 

transverse momentum of the quark and the transverse 

spin of the parent proton, the so-called Sivers function.

A nonzero Sivers function is considered to be strong 

evidence for the presence of quark orbital angular 

momentum. Indeed, it has been measured to be nonzero 

in the HERMES and JLab experiments. Figure 2.5 shows 

the unique potential of the JLab 12-GeV program to map 

the Sivers function for the up quark. The Sivers function 

has a quite intriguing property predicted by QCD. When 

measured in SIDIS, it will have one sign, yet when 

measured in a collision with a proton or pion beam, it 

should have the opposite sign. This sign change is due 

to the nature of QCD color interactions and provides an 

important test of our understanding. It is imperative that 

the quark Sivers functions that will be measured in SIDIS 

are also accurately measured with hadron beams, such 

as the proton beams available at RHIC or Fermilab and 

the pion beams used by the COMPASS-II experiment at 

CERN.

Figure 2.5: Maps of the Sivers function for up quarks as a function 
of transverse momentum and at different values of the longitudinal 
momentum fraction x, as projected for 12-GeV JLab data.

Pioneering SIDIS experiments from JLab, HERMES, 

and COMPASS have provided initial information about 

TMDs and hint that valence u and d quarks differ in 

their transverse momentum distributions. This behavior 

is independently suggested by LQCD calculations 

that also point to a flavor and spin dependence of 

transverse momentum. The JLab 12-GeV era can move 

this field to a new level of sophistication. Precision 

measurements in semi-inclusive pion and kaon 

production from unpolarized, as well as longitudinally 

and transversely polarized proton and neutron targets, 

will allow access to both flavor and spin dependent 

transverse momentum distributions in the valence quark 

region. Multiple instruments bring essential elements 

to this campaign: SBS, CLAS12, HMS-SHMS, and the 

proposed NPS. Finally, the proposed multipurpose 

SoLID detector (see Figure 2.6) would realize the full 

potential of the upgraded CEBAF. RHIC will contribute by 

utilizing transversely polarized beams to make the first 

measurements in hadronic collisions to probe antiquark 

and gluon TMDs with the forward upgrades proposed 

for STAR and PHENIX. These efforts will benefit from the 

polarized and unpolarized fragmen tation results to be 

extracted from the e+e- collision data from Belle, Belle II, 

and Babar.

Figure 2.6: The envisioned SoLID experiment in Hall A is centered 
around the CLEO-II magnet (insert) that will be relocated to JLab to 
enable a rich multipurpose science program. SoLID boasts large acceptance 
detection with operability at extremely high luminosities and offers 
unprecedented opportunities to provide precision 3D imaging of the motion 
of valence quarks in the nucleon and to probe the Standard Model.

HADRON SPECTROSCOPY
Atomic spectroscopy has been a crucial tool for studying 

the electromagnetic interactions that bind electrons to 

the nucleus. Likewise, hadron spectroscopy illuminates 

the QCD interaction that binds quarks. While the proton 

and neutron contain the two lightest valence quarks 

(up and down), other hadrons composed of these light 

quarks or of more massive quarks (strange, charm, 

and bottom) and their corresponding antiquarks can 

be created in energetic collisions produced by particle 
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to this campaign: SBS, CLAS12, HMS-SHMS, and the 

proposed NPS. Finally, the proposed multipurpose 

SoLID detector (see Figure 2.6) would realize the full 

potential of the upgraded CEBAF. RHIC will contribute by 

utilizing transversely polarized beams to make the first 

measurements in hadronic collisions to probe antiquark 

and gluon TMDs with the forward upgrades proposed 

for STAR and PHENIX. These efforts will benefit from the 

polarized and unpolarized fragmen tation results to be 

extracted from the e+e- collision data from Belle, Belle II, 

and Babar.

Figure 2.6: The envisioned SoLID experiment in Hall A is centered 
around the CLEO-II magnet (insert) that will be relocated to JLab to 
enable a rich multipurpose science program. SoLID boasts large acceptance 
detection with operability at extremely high luminosities and offers 
unprecedented opportunities to provide precision 3D imaging of the motion 
of valence quarks in the nucleon and to probe the Standard Model.

HADRON SPECTROSCOPY
Atomic spectroscopy has been a crucial tool for studying 

the electromagnetic interactions that bind electrons to 

the nucleus. Likewise, hadron spectroscopy illuminates 

the QCD interaction that binds quarks. While the proton 

and neutron contain the two lightest valence quarks 

(up and down), other hadrons composed of these light 

quarks or of more massive quarks (strange, charm, 

and bottom) and their corresponding antiquarks can 

be created in energetic collisions produced by particle 



Nuclear Physics and Neutron Stars 

20 

Measurement of neutron skin 
at JLab constrains tidal 
polarizability of neutron stars

(LIGO)	 (JLab)	

Courtesy of NASA/Goddard Space Flight Center 
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Reaching for the Horizon

the magnitude of the EMC effect in that same nucleus, 

illustrated by the straight line in Figure 2.8. This result 

seems to indicate that both of these effects may depend 

on local nuclear density or, perhaps, that nucleons in 

correlated high-momentum pairs have the most strongly 

modified quark distributions. At JLab 12-GeV, high-preci-

sion experiments will be performed to further study both 

of these effects in a wide variety of nuclei. Furthermore, 

by “tagging” some of the participants in short-range 

collisions, it will be possible to directly explore the 

connection between those two phenom ena. With these 

data and concurrent theoretical development, we are 

poised to greatly improve our understanding of the 

interplay between nuclear binding and QCD.
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Figure 2.8: This plot illustrates, for a sample of eight nuclei, the apparent 
linear relationship between a parameter that characterizes the number of 
two-nucleon correlated pairs, a2(A/d), and the strength (i.e., the slope) of 
the EMC effect. A clear correlation is evidenced by the straight line that all 
eight nuclei fall on.

2.2 QCD and the Phases of 
Strongly Interacting Matter
Nuclear collisions at the RHIC and the LHC produce 

matter with temperatures in the trillions of degrees. 

In this way, scientists are recreating the matter that 

filled the microseconds-old universe for the purpose 

of characterizing its properties and understanding how 

it works. It was understood in the 1970s that ordinary 

protons and neutrons could not exist at temperatures 

above two trillion degrees Celsius. The predicted new 

form of matter, which can be recreated by heating 

protons and neutrons until they “melt,” was named 

quark-gluon plasma (QGP). RHIC was built for the 

purpose of recreating QGP and has been doing so since 

2000; the LHC was built to look for the Higgs boson and 

possible physics beyond the Standard Model and, at the 

same time, has provided the highest temperature QGP 

starting in 2010. Through measurements made at RHIC 

and the LHC and critical advances in theory, we now 

have a good idea of what QGP is and how it behaves.

A huge surprise at RHIC was the discovery that QGP 

is a liquid, a result then confirmed at the LHC. And not 

just any liquid: it flows with the lowest specific viscosity 

(characterized in terms of the ratio of shear viscosity to 

entropy density d/s) of any liquid known, for example, 

more than ten times smaller than that of water. Over the 

past five years nuclear physicists have begun to quantify 

just how perfect the QGP liquid is by virtue of enormous 

progress on two primary fronts.

The tools available to produce and characterize the 

liquid have been dramatically enhanced. The energy 

range over which QGP can be studied has been 

extended upward by a factor of 14 with the launch of the 

LHC and downward by a factor of 25 with the operation 

of RHIC below its maximum energy. The rate of collisions 

at both facilities has been improved by an order of 

magnitude, at RHIC via an accelerator upgrade that was 

accomplished at 1/7th the cost anticipated at the time of 

the last Long Range Plan. The precision and versatility 

of the detector capabilities have been correspondingly 

upgraded.

The comparison of more extensive and sophisticated 

data with more advanced theory has facilitated 

quantitative characterization of QGP properties. The 

theoretical treatment of relativistic fluids, including 

viscosity and ripples in the initial matter density, has 

been developed and has successfully described the 

features seen in large and diverse data sets. Such 

comparisons have not only constrained the magnitude 

of d/s but are also beginning to teach us about its 

temperature dependence and about the nature of 

the ripples in the matter density originating from the 

colliding nuclei. Similar advances are now being made in 

understanding how energetic quark and gluon “probes” 

propagate through QGP and how the liquid responds to 

their passage.

As a result of these recent advances, we now know that 

the d/s of QGP is very close to a fundamental quantum 

limiting value deduced for the extreme hypothetical 

case when the quarks and gluons have infinitely 

strong interactions—an extreme that can, remarkably, 

be theoretically related to the physics of gravitons 

falling into a black hole. While QCD does, of course, 

g1(A)/g1(p) (polarized EMC effect)
F2(A)/F2(D) (precision study of EMC effect)
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Figure 18: An illustration of the polarized and unpolarized EMC effect studies accessible following
the upgrade. The unpolarized measurement shows representative uncertainties for precision studies
performed on a variety of nuclei. The polarized measurement compares g1 in 7Li and in 1H.

from quarks inside the nucleus was discovered to differ in non-trivial ways from the scattering
of quarks in a free nucleon. Existing measurements indicate little Q2 dependence, and an A
dependence in the magnitude, but not the overall form, of the structure function modification
in nuclei. The nature of the modifications in nuclei depends primarily on Bjorken-x; its most
prominent features are an enhancement in the region 0.1 < x < 0.3 and a depletion in the region
0.3 < x < 0.7. Despite a huge world-wide effort in experiment and theory, the EMC effect remains
a mystery. Explanations of it are hampered by the lack of a theory that can consistently account
for the nuclear dependence of the quark distributions over a large range of x. Further difficulties
arise from the lack of evidence for the surplus of antiquarks predicted to arise from pions being
exchanged between nucleons (as was observed in Drell-Yan processes). The failure to account for
these hard scattering results is a serious problem for nuclear theory.

Knowing that the valence quark region is depleted does not tell us enough to understand the
origin of the EMC effect. We would like to know if u and d valence quarks are depleted in the same
manner. Although limits on the nuclear modification of the sea quarks exist from Drell-Yan data,
some small modification must exist, and possibilities exist to map out the flavor dependence, like in
semi-inclusive DIS studies discussed earlier. Even more straightforward, there is no experimental
information on the spin dependence of the EMC effect, predicted to be twice as large as the regular
EMC effect. A measurement of the spin-dependence of the EMC effect is well within the reach of
the 12 GeV upgrade. This spin-dependent EMC effect emphasizes the quark polarization degrees
of freedom within a nucleus, due to the spin-dependence of the coupling between the quarks and
the strong fields inside the nucleus. In Fig. 18 we highlight a possible measurement of the nuclear
ratio of spin structure functions, g1, in 7Li and 1H.

The CW character of the CEBAF beam also opens a large window on measurements of struc-
ture functions in coincidence with low-energy nucleons or target fragments. This technique is
currently being pioneered at JLab, with a recoil proton detector “tagging” scattering events on a
nearly on-shell neutron in a deuteron target. The technique can easily be expanded to EMC-type
measurements on 2H and 3He. A glimpse at the information obtainable from such experiments has
been provided by the analysis of deep-inelastic neutrino scattering events in heavy-liquid bubble
chambers. In spite of the poor statistics, these experiments have shown that the structure func-
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Figure 19: Prediction for the onset of Bjorken scaling for the 56Fe(e, e′)X reaction. The solid line
and the dash-dotted line are predictions with two-nucleon correlations, without and with the EMC
modification of the nucleon elastic form factor, respectively. The dashed line is the prediction
with multinucleon correlations with EMC effects included, and the dotted line is the prediction of
mean-field approximation. The actual value of the F2 structure function in the scaling region, at x
= 1.5, may be dramatically changed due to small six-quark contributions.

deuteron photo-disintegration have been carried out at SLAC and JLab [Na88, Sc01]. Figure 20
shows the scaled differential cross-section (s11dσ/dt) for deuteron photodisintegration as a function
of photon energy. The available data [Sc01] seem to show scaling at 70◦ and 90◦, and suggest the
onset of scaling at higher photon energies at 53◦ and 37◦. The threshold for this scaling behavior
corresponds to a transverse momentum slightly over 1 GeV. Theoretical efforts [Fr01, Ko93, Gr01,
Rapc] to describe this behavior agree qualitatively with the data, but do not reproduce them
precisely. While none of the theories agree with all of the data as well as one would like, they
do indicate that quark models can approximately reproduce the cross section data, and therefore
confirm the importance of the deuteron photodisintegration process in the study of the transition
region. The Upgrade will permit the extension of these data to photon energies near 8 GeV, as
shown in the figure, permitting a validation of the apparent constant transverse momentum onset
of scaling behavior.

While global scaling behavior has been observed in many exclusive processes [An76], no exper-
imental evidence supports hadron helicity conservation, which was predicted in the same approach,
in the similar energy and momentum transfer region. One would anticipate an earlier onset of scal-
ing or hadron helicity conservation in ratios of cross sections, where non-perturbative effects may
cancel. The simplest of such ratios is the charged pion photoproduction differential cross-section
ratio, dσ

dt (γn → π−p)/dσ
dt (γp → π+n), as nucleon photopion production processes decrease relatively

slowly with energy compared to other photon-induced processes (quark counting rules predict a
s−7-dependence for the differential cross-section). Calculations of this ratio have been performed
in the framework of the handbag mechanism [Hu00, Hu03], in which the amplitude is factorized
into a parton-level subprocess γqa → Pqb and GPDs. The GPD part of the contribution describing
the soft hadron-parton transitions indeed cancels in this ratio provided the assumption of negligi-
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Figure 20: Available data and projected results 
for a differential cross-section measurement of 
deuteron photodisintegration. The arrow 
indicates a transverse momentum of 1.6 GeV 
in each plot. 

Ultrafast	
quarks	in	56Fe

} }

}

}

Figure 22: Hadron attenuation in nuclear deep inelastic scattering, shown by the pion multiplicity
ratio vs. z for fixed Q2 and ν. The cartoons indicate the regions of the data where the pion formation
length ranges from longer to shorter in larger and smaller nuclei, schematically demonstrating how
the formation lengths can be measured experimentally. The curves from top to bottom correspond
to nitrogen, argon, krypton, and gold; the green line is a gluon bremsstrahlung model calculation,
and the red dotted line is a parameterization derived from HERMES data. The figure is an example
of the large amount of information (for a number of different hadrons) that will be accessible with
the 11 GeV beam.

the final hadronic states (see Fig. 22). Presently, the formation of final hadrons due to confine-
ment is explained heuristically by sketches of space-time processes involving string breaking. With
11 GeV electrons, we can map the distances over which the energetic colored quark transforms into
a colorless hadron, and characterize this hadronization as a function of multiple variables. This
provides completely new information on how the color field of the hadron is restored in real time
through the fundamental process of gluon emission. The analogous process has been studied and
understood in QED. The propagating quark is expected to experience some interaction with the
nuclear medium. One prediction is that it undergoes multiple soft scatterings mediated by gluon
emission. In this picture, the quark experiences a medium-induced energy loss that may be exper-
imentally accessible and which may exhibit exotic coherence phenomena. This process measurably
broadens the transverse momentum distribution of the hadron emerging from larger nuclei. It is
anticipated that a quark-gluon correlation function, and the quark energy loss, can be extracted
from the measured broadening. The topics of color field restoration by gluon emission, quark-gluon
correlations, and quark energy loss, offer fundamental and interesting insights into the nature of
QCD and confinement. In addition, they are of very high interest in the study of relativistic A-A
and p-A collisions, where they are basic and essential ingredients that must be understood.
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Thus SRC have become an even more fascinating topic, with new experiments ap-
proved and conducted, new detectors, and new very-high-impact publications.

1. Bound Nucleon Modifications in Deuterium

In order to study possible modifications of the structure of a nucleon that is a partner
in a short-distance pair, we will measure deep inelastic electron scattering from deuterium,
detecting the spectator recoil proton (or neutron), in order to determine the dependence of
the neutron (or proton) structure function F2 on the momentum of the spectator nucleon.
These experiments were motivated both by the earlier d(e, e0

ps)X results [25] and also by
new papers showing the remarkable correlation between the strength of the EMC e↵ect
in a given nucleus and the probability that the nucleons in that nucleus belong to a Short
Range Correlation [20, 21, 26, 27].

These experiments will complement the BoNuS program described in Section I B 2.
BoNuS will measure the bound neutron structure function at small recoil spectator proton
momentum (ps < 200 MeV/c) in order to measure scattering from neutrons that are
almost on shell. The experiments described here will extend these measurements to large
recoil spectator momentum (250 < ps < 550 MeV/c) in order to measure the momentum
dependence of the bound nucleon structure function.

FIG. 9. The BAND detector installed
on top of the SVT electronics racks in
CLAS. Viewed from upstream. The
beam pipe will pass through the hole
in the middle of the detector.

We put a major e↵ort into preparing for Experiment E12-11-003A, “In Medium Proton

14
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JLab 
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Standard Model 

JLab 
Data 

•  Parity violating electron scattering provides a high 
precision test of the standard model. 

•  Complementary to measurements at CERN’s 
Large Hadron Collider 

•  EW	Radia@ve	Correc@ons	
•  	+New	Physics?	

Projected 
JLab data: 



workshops and neutrino collaboration meetings, including four invited talks and a prize-
winning poster by the ODU group.

The data analysis is being performed by Mariana Khachatryan under the supervision
of F. Hauenstein and L.B. Weinstein. The work on GENIE is being performed by Adi
Ashkenazi and Afroditi Papadopolou of MIT, under the supervision of L. Weinstein and
O. Hen.

E. Physics Beyond the Standard Model

Only 20% of the matter in the universe is understood, the remaining 80% consists
of “Dark Matter”, whose constituents and interactions (other than gravity) are entirely
unknown. The 2014 HEPAP P5 report [30] stresses the importance of identifying the
physics of dark matter. Given the absence of evidence for WIMPS (Weakly Interacting
Massive Particles), it is important to look for other forms of dark matter, especially the
possibility that dark matter interacts through a new force that couples only indirectly to
normal matter [31].

Such dark matter would interact with regular matter and with itself through yet-to-
be-discovered hidden-sector forces. Scientists believe that heavy photons – also called
dark photons – might be mediators of such a dark force, just as regular photons are
carriers of the electromagnetic force between normal charged particles.

FIG. 15. The 95% C.L. power-
constrained upper limits on ✏

2 versus
A

0 mass obtained in this analysis. A
limit at the level of 6 ⇥ 106 is set.
Existing limits from beam dump, col-
lider and fixed target experiments are
also shown. The region labeled ae

is an exclusion based on the electron
g2. The green band labeled aµ ± 2�

represents the region that an A
0 can

be used to explain the discrepancy
between the measured and calculated
muon anomalous magnetic moment.
See Ref. [32] for details.

The Heavy Photon Search (HPS) experiment at Je↵erson Lab [33, 34] is searching
for new heavy vector boson(s), aka ‘heavy photons’ or ‘dark photons’ or ‘hidden sector
photons’, in the mass range of 20 MeV/c2 to 1000 MeV/c2. If they exist, heavy photons
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..	Plus:	Dark	photons,	precision	measurements	needed	as	input	for	neutrino	experiments,	



High	Impact	
Experiments	
To	run	in	the	
“first	5	years”



Hall D – exploring origin of 
confinement by studying  

exotic mesons 

Hall B – understanding nucleon structure 
via generalized parton distributions and 
transverse momentum distributions 

Hall C – precision determination of 
valence quark properties  

in nucleons and nuclei  

Hall A – short range correlations,  
form factors (SBS), hyper-nuclear physics,  
future new experiments (e.g., SoLID and MOLLER) 

12 GeV Scientific Capabilities 

8 8 



HALL A  

13 

•  Running	tri@um	family	of	experiments	in	
2018	–	3	complete!	

•  Con@nue	to	publica@on	results	of	previous	
12	GeV	experiments	

plot	from	T.	Su	

	Published	in	Phys.	Rev.	C98	(2018)	no.1,	014617		
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HALL C 

overlaps	BNL	data	

CT: Good agreement 
between data and 
simulation even at the 
highest Q2.  Will 
improve as SHMS 
optics model is 
optimized. 

EMC: Expected 11B to 
deuteron cross 
section ratio errors.  
Similar for 9Be, 10B 
and 12C. 

 
•  SHMS calibration initial physics data acquired 

–  F2
H,D structure functions, EMC effect 

–  D(e,e’p) at high missing momentum 
–  Color Transparency (CT) – 12C(e,e’p) 

•  Data for 3 points acquired. 
•  Highest Q2 is where BNL A(p,2p) saw rise 

in transparency 
–   TMD studies (SIDIS) and Kaon electroproduction 

scaling measurement underway 
•  Analyses of CT, F2, D(e,e’p), EMC underway 

 

Projected	Color	Transparency	errors	
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HALL D: ANALYSIS AS OF FALL 2018 

!/"	cross	sec'on	at		cross	sec'on	at	
threshold	and	limit	on	
charm	pentaquark	
photoproduc'on	
(manuscript	in	
prepara.on)	

"/#�produc-on	at	threshold	�produc-on	at	threshold	 $%&'()*+&, ./0112*%+2/		

ηʹ 

ηʹ 
f1(1285)/η(1295) 

γp → p ηπoπo		→	p	6γ	  

#$%&'()*%+ 
,-.//0)$. 

%2 )30 $0,()*%+�γp	→	p	η’		�γp	→	p	η’		
Preparing	for	internal	review	

#$%&'()*%+ ,-.//0)$. 
%2 

)30 $0,()*%+�γp	→	π-	Δ++		�γp	→	π-	Δ++		
Preparing	for	internal	review	•  GlueX-I	has	80%	of	data	

•  GlueX-I	is	scheduled	to	collect	
all	data	by	FY19	FQ2	

•  25%	of	data	analyzed	
•  3	papers	in	prepara@on	
•  Ge[ng	ready	for	Primex-η	and	

GlueX-II	(with	DIRC)	



Theory at Jefferson Lab 
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•   MOLLER experiment  

 –  DOE science review (Sept. 2014) – strong endorsement 
 –   Director’s Cost, Schedule and Technical review held Dec. 2016 
 –  CD-0 approved, Dec. 2016 
  (project paused due to budget) 
 –  Developing project structure in  
  preparation for FY19 Director’s Review  

 
 
 
 
 
 

•   SoLID  
 –  New pre-CDR completed 
 –  Briefed ONP, Pre-R&D request  
 –  Awaiting science review from ONP 
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EMC HERMES 

•  High Luminosity  
 ¨ 1034 cm-2s-1 

•  High Polarization  
 ¨ 70% 

•  Low x regime 
 x ¨ 0.0001 
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