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Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.
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(s + c + b)/3

d̄ � ū
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Figure 1: Kinematic regions of Deep Inelastic Scattering and the comparative reach of EIC and CEBAF, as well as other facilities compared with
parton distributions from CJ15 [8]. CEBAF (at 12 GeV) will provide very high luminosity in the valence quark region, while providing overlap
here with EIC measurements. The focus of the EIC will be on the sea at very low x, with orders of magnitude higher luminosity than other colliders.
While not shown in the figure, a 24 GeV CEBAF provides significantly higher Q2, low x values in the valence region which is critical for several
key measurements.

The kinematic landscape for deep inelastic scattering at CEBAF and the EIC is shown schematically in Fig. 1.324

Precision measurements in the valence quark region requiring high luminosity are clearly the purview of CEBAF,325

with the 24 GeV upgrade providing important overlap into the sea quark region where the EIC is designed to probe at326

low x.327

1.4.4. The Electron-Ion Collider (EIC) in China328

The physicist community in China, together with international collaborators, proposed a polarized electron-ion329

collider at the High Intensity heavy-ion Accelerator Facility (HIAF), currently under construction in southern China.330

EIC@HIAF [16] was proposed as an extension to HIAF in a phased approach. The first phase of the China EIC will331

include 3 to 5 GeV polarized electrons on 12 to 23 GeV polarized protons (and ions at about 12 GeV/nucleon), with332

luminosities of 1 to 2 ⇥1033 cm�2 s�1. This facility with complementary kinematic reach to both Je↵erson Lab and the333

US EIC will allow for the studies of one and three-dimensional nucleon structure, the QCD dynamics, and to advance334

the understanding of the strong nuclear force.335

2. Electromagnetic Form Factors and Parton Distributions336

With the advent of particle accelerator technology, high energy electron scattering became an indispensable tool337

for understanding the internal structure of nucleons. This is because the fundamental cross section separates into338

an electronic part (which is accurately determined from Quantum Electrodynamics) and a hadronic part which can339

be formulated in terms of structure functions of various kinematic quantities, and measured in electron scattering.340

For elastic scattering from the nucleon, the structure functions can be written in terms of form factors GE(q2) and341

8

EIC/CEBAF Complementarity:

• CEBAF focus is on valence quark 

region with high luminosity

• Solenoidal Large Intensity Device 

(SoLID) will enhance capabilities

Parton Distribution Functions (PDFs) of 
quarks and gluons used to illustrate 
the reach of CEBAF/EIC.
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EIC/CEBAF Complementarity:

• CEBAF focus is on valence quark 

region with high luminosity

• Solenoidal Large Intensity Device 

(SoLID) will enhance capabilities

Parton Distribution Functions (PDFs) of 
quarks and gluons used to illustrate 
the reach of CEBAF/EIC.

Higher CEBAF energies will allow an 
extension to lower xBj.
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Fig. 6. The Wigner distributions yield a unified description of a nucleon in terms of the position and momenta of its con-
stituents. The uncertainty principle precludes knowing both position and momentum simultaneously, but the three-dimensional
Generalized Parton Distributions (GPDs) and Transverse Momentum-Dependent Distributions (TMDs) provide a powerful
spatial and momentum tomography. The differential variables along the arrows indicate the variable integrated over to move
from the upper to lower distributions.

Past studies of deep inelastic electron scattering of-
fered us merely a one-dimensional view of nucleon struc-
ture where we learned about the motion of partons parallel
to the direction of travel of the nucleon. Their longitudinal
momentum distribution is then described by parton dis-
tribution functions (PDFs). The nucleon was viewed as a
collection of fast moving quarks, antiquarks and gluons,
whose transverse momenta were not resolved. While sim-
ple and elegant, such a description is unable to address
one of the key questions in our understanding of the nu-
cleon, namely how its spin is apportioned between the spin
of its constituents and their orbital angular momentum.
To understand this requires a three-dimensional descrip-
tion.

A representation using GPDs and TMDs is driven by
the overwhelming need to go beyond the one-dimensional
picture of the nucleon structure [34]. Even at large Bjorken
x, where most of the longitudinal momentum of the pro-
ton is carried by valence quarks, seemingly puzzling re-

sults from a first generation of worldwide exclusive and
semi-inclusive deep inelastic lepton scattering experiments
require a GPD and TMD description for their interpreta-
tion. Thus these representations provide us with a unified
view, demonstrating both the importance of this new phe-
nomenology, and the limitation of our previous studies of
nucleon structure.

Knowledge from inclusive, semi-inclusive and exclusive
electron scattering using the 12GeV CEBAF upgrade will
provide information on the transverse position and trans-
verse momentum of quarks for a fixed slice of their longi-
tudinal momentum leading to a three-dimensional imag-
ing of the nucleon both in position and momentum. This
upgrade offers for the first time the tools to unravel the
nucleon valence quark structure by mapping the spatial
position and momentum distribution of the quarks with
sufficient precision to propel our knowledge and under-
standing of the basic building blocks of nuclear matter to
a level unmatched previously.

The ultimate (and lofty!) goal is to 
extract  experimentally 
and compare to theory.

W(x, k⊥, r⊥)

Program of experimentation:

• Ongoing measurements of PDFs 

and Form Factors

• A start on determining the 

Generalized Parton Distributions

• Planning for measurements of the 

Transverse Momentum Distribs

Phenomenology/Theory

• Lots of model-building

• Fundamental theory calculations 

are currently underway
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FIG. 3. Helicity-independent (top) and helicity-dependent (bottom) DVCS cross cross-section at xB = 0.36 (left), xB = 0.48
(center) and xB = 0.60 (right) for the values of Q2 and t indicated on the top of each figure. Bars around the points indicate
statistical uncertainty and boxes show the total systematic uncertainty, computed as the quadratic sum of the point-to-point
and correlated systematic uncertainties. Black curves display the total fit to the cross sections, at constant xB and t, in the
BMMP formalism. The BH cross section is shown in green. The contribution from the BH-DVCS interference is shown by the
blue bands, whereas the contribution from the DVCS2 term is indicated by the red bands. All band widths correspond to one
standard deviation. The KM15 model is shown in magenta.

nary part of the E CFF. Similarly, the chiral quark soliton
model [32, 33] produces a contribution to eE that while
smaller in magnitude to the pion-pole, is additive with
opposite sign. This may explain the significant di↵er-
ence between our values of Re[eE ] and the KM15 model.
GPDs can be described as momentum decompositions of
the corresponding form factors. This is explicit in the
first moment sum rules, which relate e.g. GPDs E and
Ẽ (summed over quark flavor f) to the axial and pseudo-
scalar form factors GA and GP of the proton:

X

f

Z 1

�1

(
Ef (x, ⇠, t)
eEf (x, ⇠, t)

)
dx =

(
GA(�t)

GP (�t)

)
(1)

These form factors, particularly GP are much less well
known experimentally than the usual electromagnetic
form factors GE,M . The present measurements of the

CFFs E and eE therefore provide constraints on the quark
momentum distribution support of the corresponding
form factors within this xB range.

The present measurements will be complemented in
this same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements there-
fore demonstrate that the full extraction of experimental
Compton form factors is within reach.
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[28] K. Kumerički and D. Müller, EPJ Web Conf. 112, 01012
(2016).

[29] B. Kriesten, S. Liuti, L. Calero-Diaz, D. Keller, A. Meyer,
G. R. Goldstein, and J. Osvaldo Gonzalez-Hernandez,
Phys. Rev. D 101, 054021 (2020).
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First Measurement of Timelike Compton Scattering

(CLAS12)  

where x, ξ, and t are defined in Fig. 1. Similar equations
apply to the other GPDs E, Ẽ, and H̃. With a beam of
circularly polarized photons, TCS can access both the real
and imaginary parts of the CFFs [16].
As in DVCS, the Bethe-Heitler (BH) process, which can

be computed in a quasi-model-independent way, contrib-
utes to the same final state (see Fig. 1, right). The cross
section for exclusive lepton pair photoproduction on the
proton can be expressed as

σðγp → p0eþe−Þ ¼ σBH þ σTCS þ σINT; ð2Þ

where INT stands for the TCS-BH interference term. As
presented in Refs. [15,16], the BH contribution dominates
over the TCS in the total cross section by 2 orders of
magnitude in the kinematic range accessible at Jefferson
Lab (JLab). Therefore, the best practical way to access
GPDs with the TCS reaction is to measure observables
giving access to the TCS-BH interference. At leading order
and leading twist in QCD, σINT can be expressed as a linear
combination of GPD-related quantities [15],

d4σINT
dQ02 dtdΩ

¼A
1þ cos2θ

sin θ

× ½cos ϕReM̃−− − ν sin ϕ Im M̃−−&; ð3Þ

where

M̃−− ¼
!
F1H − ξðF1 þ F2ÞH̃ −

t
4m2

p
F2E

"
; ð4Þ

A is a kinematic factor given in Ref. [15], ϕ and θ are
defined in Fig. 2, Ω is the solid angle defined by θ and ϕ, ν
is the circular polarization of the photon beam (equal toþ1
for right-handed and −1 for left-handed polarization),mp is
the proton mass, F1 and F2 are the electromagnetic form

factors, andH, H̃, and E are the TCS CFFs of theH, H̃, and
E GPDs, respectively, which are given in Eq. (1). As the
coefficients of H̃ and E in Eq. (4) are suppressed, especially
in the kinematics covered at JLab, measuring unpolarized
and polarized observables linked to the TCS-BH interfer-
ence cross section accesses mainly, respectively, the real
and the imaginary parts of the H CFF.
In this Letter, two TCS observables were measured for

the first time: the photon polarization asymmetry A⊙U and
the forward-backward (FB) asymmetry AFB. A⊙U is propor-
tional to the sin ϕ moment of the polarized interference
cross section and allows access to the imaginary part of H.
AFB, defined as

AFBðθ;ϕÞ ¼
dσðθ;ϕÞ − dσð180° − θ; 180°þ ϕÞ
dσðθ;ϕÞ þ dσð180° − θ; 180°þ ϕÞ

; ð5Þ

projects out the cosϕ moment of the unpolarized cross
section, proportional to the real part of the CFF H [20].
Both A⊙U and AFB are zero if only BH contributes to the
γp → p0γ' cross section. Furthermore, it was shown in
Ref. [21] that the QED radiative corrections are negligible
for both of these observables.
The experiment was carried out in Hall B at JLab, using a

10.6-GeVelectron beam, impinging on a 5-cm-long liquid-
hydrogen target placed at the center of the solenoid magnet
of CLAS12 [22]. Potential quasireal photoproduction
events (ep → p0eþe−X) were selected requiring one elec-
tron, one positron, and one proton. The trajectories of
charged particles, bent by the CLAS12 torus and solenoid
magnetic fields, were measured by the drift chambers and
in the central vertex tracker, providing their charge and
momentum. The leptons were identified combining the
information from the high-threshold Cherenkov counters
and the forward electromagnetic calorimeter (ECAL) [23].
Leptons with momenta below 1 GeV were removed to
eliminate poorly reconstructed tracks in the forward

FIG. 1. Left: handbag diagram of the TCS process. Right:
diagram of the BH process. t ¼ ðp − p0Þ2 is the squared four-
momentum transfer between the initial and final protons, Q02 ¼
ðkþ k0Þ2 is the invariant mass of the lepton pair, andQ2 ¼ −q2 is
the virtuality of the real photon. ξ ¼ Q02=(2ðs −m2

pÞ −Q02) is
the momentum imbalance of the struck quark, s is the squared
center-of-mass energy, andmp is the proton mass. x is the average
momentum fraction of the struck quark.

FIG. 2. Relevant angles for TCS. ϕ and θ are, respectively, the
angle between the leptonic plane (defined by the outgoing leptons
momenta k and k0) and the hadronic plane (defined by the
incoming and outgoing proton momenta p and p0, defined in
Fig. 1), and the angle between the electron and the recoiling
proton in the leptons center-of-mass frame.
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t dependence of the amplitude of the sinusoidal modulation
is presented.
In-depth systematic checks were performed. Seven

sources of systematic uncertainties were studied: the
uncertainties associated with the binning of the acceptance
corrections and with the rejection of low-acceptance bins;
the uncertainties from the MC model used to calculate
the acceptance and the related efficiency corrections; the
systematic shifts induced by the identification procedure
of protons and positrons; the impact of the variation of the
exclusivity selection criteria. For each source of systematic
uncertainty and for each bin, a value of systematic shift was
added in quadrature after a smoothing procedure. This
procedure was necessary to avoid the large bin-to-bin
fluctuations of the systematic uncertainties due to the
low statistics. The total systematic uncertainties are always
smaller than the statistical uncertainties, typically by more
than 50%. The main contribution to the systematic uncer-
tainties comes from the exclusivity selection.
In Figs. 4 and 5, a clear photon beam polarization

asymmetry is observed. This arises from the BH-TCS
interference, as the expected asymmetry for the BH
contribution only, which was estimated using MC simu-
lation, is zero. The photon polarization asymmetries were
compared to predictions of the Vanderhaeghen-Guichon-
Guidal (VGG) model (based on a double-distribution (DD)
parametrization with Regge-like t dependence) [27–30]
and of the Goloskokov-Kroll (GK) model (based on a DD
parametrization with t dependence expressed in the forward
limit) [31–33] computed within the PARTONS framework
[34]. Both of these calculations were performed at leading
order in αs, which is a reasonable approximation in our

kinematics, while QCD corrections have been shown to be
quite important at lower values of ξ [35–37]. The measured
values [20] are in approximate agreement with the predictions
of GPD-based models, while BH-only calculations show no
asymmetry. This observation validates the application of the
GPD formalism to describe TCS data and hints at the
universality of GPDs, as the VGG and GK models also
describe well the 6-GeV DVCS data from JLab [38].
Using the same dataset, AFB was measured for four t

bins, integrating over all other kinematic variables due to
the limited statistics of the analysis [20]. The angular
coverage of CLAS12 allows one to measure AFB only in a
limited angular range. Thus, the forward and backward
angles (ϕF, θF, ϕB ¼ 180°þ ϕF and θB ¼ 180° − θF) were
extracted in a forward region defined by −40° < ϕF < 40°,
50° < θF < 80° and in a corresponding backward region
defined by 140° < ϕB < 220°, 100° < θB < 130°. The
value of AFB was computed, for each −t bin, as

AFB ¼ NF − NB

NF þ NB
; ð8Þ

where NF=B are the number of events in the forward and
backward angular bins, corrected by the acceptance and the
bin volume. The bin volume correction accounts for the
difference in coverage between the forward and the back-
ward directions, which could induce false asymmetries.
This correction assumes that the cross section of the TCS
reaction is constant within the volume of the forward
(respectively, backward) bin and that it can be estimated
only by measuring it in the volume covered by the
acceptance of CLAS12. These approximations were
accounted for in the systematic uncertainties by computing
AFB with BH-weighted simulated events. The difference
between the expected vanishing asymmetry and the
obtained value was assigned as a systematic uncertainty.
Figure 6 shows AFB for 1.5 < M < 3 GeV. In order to

explore the dependence on the hard scale of the FB
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FIG. 5. A⊙U as a function of −t at the averaged kinematic point
Eγ ¼ 7.29% 1.55 GeV; M ¼ 1.80% 0.26 GeV. The errors on
the averaged kinematic point are the standard deviations of the
corresponding distributions of events. The blue data points are
represented with statistical error bars, horizontal bin widths, and
shaded total systematic uncertainty. Red triangles show the
asymmetry computed for simulated BH events. The dashed
and dash-dotted lines are the predictions of, respectively, the
VGG [27–30] and the GK [31–33] models, evaluated at the
average kinematics.
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FIG. 6. FB asymmetry as a function of −t at the average
kinematics Eγ ¼ 7.23% 1.61 GeV; M ¼ 1.81% 0.26 GeV. The
solid line shows the model predictions of the VGGmodel withD-
term (from Ref. [39]) evaluated at the average kinematic point.
The other curves are defined in the caption of Fig. 5.
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corrections and with the rejection of low-acceptance bins;
the uncertainties from the MC model used to calculate
the acceptance and the related efficiency corrections; the
systematic shifts induced by the identification procedure
of protons and positrons; the impact of the variation of the
exclusivity selection criteria. For each source of systematic
uncertainty and for each bin, a value of systematic shift was
added in quadrature after a smoothing procedure. This
procedure was necessary to avoid the large bin-to-bin
fluctuations of the systematic uncertainties due to the
low statistics. The total systematic uncertainties are always
smaller than the statistical uncertainties, typically by more
than 50%. The main contribution to the systematic uncer-
tainties comes from the exclusivity selection.
In Figs. 4 and 5, a clear photon beam polarization

asymmetry is observed. This arises from the BH-TCS
interference, as the expected asymmetry for the BH
contribution only, which was estimated using MC simu-
lation, is zero. The photon polarization asymmetries were
compared to predictions of the Vanderhaeghen-Guichon-
Guidal (VGG) model (based on a double-distribution (DD)
parametrization with Regge-like t dependence) [27–30]
and of the Goloskokov-Kroll (GK) model (based on a DD
parametrization with t dependence expressed in the forward
limit) [31–33] computed within the PARTONS framework
[34]. Both of these calculations were performed at leading
order in αs, which is a reasonable approximation in our

kinematics, while QCD corrections have been shown to be
quite important at lower values of ξ [35–37]. The measured
values [20] are in approximate agreement with the predictions
of GPD-based models, while BH-only calculations show no
asymmetry. This observation validates the application of the
GPD formalism to describe TCS data and hints at the
universality of GPDs, as the VGG and GK models also
describe well the 6-GeV DVCS data from JLab [38].
Using the same dataset, AFB was measured for four t

bins, integrating over all other kinematic variables due to
the limited statistics of the analysis [20]. The angular
coverage of CLAS12 allows one to measure AFB only in a
limited angular range. Thus, the forward and backward
angles (ϕF, θF, ϕB ¼ 180°þ ϕF and θB ¼ 180° − θF) were
extracted in a forward region defined by −40° < ϕF < 40°,
50° < θF < 80° and in a corresponding backward region
defined by 140° < ϕB < 220°, 100° < θB < 130°. The
value of AFB was computed, for each −t bin, as

AFB ¼ NF − NB

NF þ NB
; ð8Þ

where NF=B are the number of events in the forward and
backward angular bins, corrected by the acceptance and the
bin volume. The bin volume correction accounts for the
difference in coverage between the forward and the back-
ward directions, which could induce false asymmetries.
This correction assumes that the cross section of the TCS
reaction is constant within the volume of the forward
(respectively, backward) bin and that it can be estimated
only by measuring it in the volume covered by the
acceptance of CLAS12. These approximations were
accounted for in the systematic uncertainties by computing
AFB with BH-weighted simulated events. The difference
between the expected vanishing asymmetry and the
obtained value was assigned as a systematic uncertainty.
Figure 6 shows AFB for 1.5 < M < 3 GeV. In order to

explore the dependence on the hard scale of the FB
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corresponding distributions of events. The blue data points are
represented with statistical error bars, horizontal bin widths, and
shaded total systematic uncertainty. Red triangles show the
asymmetry computed for simulated BH events. The dashed
and dash-dotted lines are the predictions of, respectively, the
VGG [27–30] and the GK [31–33] models, evaluated at the
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Measured asymmetries arising from interference with 
Bethe-Heitler, compared to model calculations from 
Vanderhaeghen-Guichon-Guidal (VGG) model and 
Goloskokov-Kroll (GK).
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⃗e ∓p → e∓pμ+μ−6
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Fig. 6 Schematic of the SoLID DDVCS setup in the Hall A of JLab supplemented with a muon detector at forward and large
angles.

are smeared according to their statistical error bar de-
termined for a data taking period of 50 days with each
beam species 100% polarized, and two luminosity sce-
narios (1036, 1037) cm�2

·s�1 for the kinematics and bin
widths given in Tab. 1. The results of the fitting pro-
cedure for the CFF H are represented on Fig. 5 for 5
selected ⇠

0-kinematics. Two experimental scenarios are
considered: a 2-observables scenario (��

0 ,��
�
�
) accessi-

ble with polarized electron beams, and a 4-observables
scenario (�0

0 ,��
C

0 ,��
C

�
,��

0
�
) requiring both polarized

electron and positron beams. The real and imaginary
parts of the CFF H are reported on Fig. 5 whenever the
fitting process delivers results with reasonable errors.
They are further compared with the original CFF val-
ues used to generate pseudo-data (dashed line in Fig. 5).
Independently of the scenario, the importance of high
luminosity (blue versus red points) is striking, recover-
ing all but one kinematics in the high luminosity case.
The missing points in the vicinity of ⇠0=0 feature small
��

±
�

which make the fit very challenging. The 4-obser-
vables scenario tends to recover more kinematics than
the 2-observables ones with a larger impact on the real
part of H than on its imaginary part. This reflects the
experimental access to a signal proportional to a bi-
linear or a linear CFFs combination. At leading twist,
��

�
�

always accesses the imaginary part of a pure lin-
ear form (F 0

INT1
) while it is only with the 4-observables

scenario that ��
C

0 can access such a form (FINT1).
As a consequence, the correlations between the fit ex-

tracted CFFs are weaker and error bars are reduced
much beyond statistical expectations, a behaviour al-
ready observed in the DVCS channel [22]. Note that
while the qualitative features described above are some-
how model-independent, their quantitative evaluation
depends on the GPDs model used to generate pseudo-
data. Nonetheless, the association of DDVCS detection
capabilities and positron beams provides a unique map-
ping of the GPDs.

⇠0 �⇠0 ⇠ �⇠
Q2 �Q2

�t �t ��
(GeV2) (�)

-0.060 ±0.030

0.135 ±0.015 1.25 ±0.25 -0.15 ±0.05 ±15
-0.015

±0.015
0.015
0.045
0.075

Table 1 Kinematics and bin widths considered for the gen-
eration of pseudo-data of the fitting study.

4 Experimental configuration

The Solenoidal Large Intensity Device (SoLID) is a
brand new spectrometer device (Fig. 6) to be installed
in the Hall A of JLab to operate with initial electron
beams up to 11 GeV [12]. It is designed to use a solenoid

2

therefore limited to a restricted region of the physics
phase space.

The strict Compton scattering of a virtual photon,
in which the final photon remains virtual, has been sug-
gested as a new reaction channel to overcome this lim-
itation [10,11]. In this double deeply virtual Compton
scattering (DDVCS) process, the virtuality of the final
state photon indeed decouples the experimental x- and
⇠-dependences opening o↵-diagonal investigation of the
GPDs. However, the di�culty of the theoretical inter-
pretation of the process ep ! epl̄l when detecting the
e
+
e
�-pair from the decay of the final virtual photon,

and the small magnitude of the cross section did forbid
any reliable experimental study.

The advent of the energy upgrade of the Continuous
Electron Beam Accelerator Facility and the develop-
ment of next generation large acceptance and high lu-
minosity detection capabilities at the Thomas Je↵erson
National Accelerator Facility (JLab) procure ideal tools
to overcome the previous limitations. Specifically, the
measurement of µ+

µ
�-pairs from the process #»

e
±
p !

e
±
p�

⇤
! e

±
pµ

+
µ
�, using the Solenoidal Large Inten-

sity Device (SoLID) [12] supplemented with a muon
detector [13], or using a modified CLAS12 spectrome-
ter [14], are unique opportunities for DDVCS investi-
gations [15]. In this process, the comparison between
polarized electron and positron beams is, similarly to
DVCS [16], essential to distinguish the di↵erent reac-
tion amplitudes.

The present study investigates the perspectives of
DDVCS measurements at SoLID with both electron
and positron beams. The next section reviews the main
characteristics of the DDVCS process and its benefits
for the completion of the GPDs experimental program.
The specificities of experimental observables for polar-
ized lepton beams of opposite charge and their GPD
content are further discussed in the following section,
before addressing the description of the experimental
configuration and the performance of possible measure-
ments.

2 Double deeply virtual Compton scattering

There are essentially three experimental golden chan-
nels for direct measurements of the GPDs: the electro-
production of photons eN ! eN� which is sensitive to
the DVCS amplitude, the photoproduction of a lepton
pair �N ! Nll̄ which is sensitive to the TCS (Time-
like Compton Scattering) [17,18] amplitude, and the
electroproduction of a lepton pair eN ! eNll̄ which is
sensitive to the DDVCS amplitude (Fig. 1). Only the
latter provides the framework necessary for an uncorre-

Fig. 1 Schematic of the direct term of the DDVCS amplitude
with a di-muon final state. The full amplitude contains also
the crossed term where the final time-like photon is emitted
from the initial quark. Q2=-q2 is the virtuality of the space-
like initial photon, and Q02=q02 is the virtuality of the final
time-like photon.

lated measurement of the GPDs as a function of both
scaling variables x and ⇠ [19].

At leading twist and leading ↵s-order, the DDVCS
process can be seen as the absorption of a space-like
photon by a parton of the nucleon, followed by the
quasi-instantaneous emission of a time-like photon by
the same parton, which finally decays into a ll̄-pair
(Fig. 1). The scaling variables attached to this process
are defined as

⇠
0 =

Q
2
�Q

02 + t/2

2Q2/xB �Q2 �Q02 + t
(1)

⇠ =
Q

2 +Q
02

2Q2/xB �Q2 �Q02 + t
(2)

representing the Bjorken generalized variable (⇠0) and
the skewness (⇠). If Q02=0, the final photon becomes
real, corresponding to the DVCS process and leading to
the restriction ⇠

0=⇠ in the Bjorken limit. If Q2=0, the
initial photon is real, referring to the TCS process and
leading to the restriction ⇠

0=�⇠ in the Bjorken limit. In
these respects the DDVCS process is a generalization
of the DVCS and TCS processes.

The DDVCS reaction amplitude is proportional to
a combination of the CFFs F (with F ⌘ {H, E , eH, eE})
defined from the GPDs F (with F ⌘ {H,E, eH, eE}) as

F(⇠0, ⇠, t) = P

Z 1

�1
F+(x, ⇠, t)


1

x� ⇠0
±

1

x+ ⇠0

�
dx

� i⇡F+(⇠
0
, ⇠, t) (3)

where P denotes the Cauchy’s principal value integral,
and

F+(x, ⇠, t) =
X

q

⇣
eq

e

⌘2
[F q(x, ⇠, t)⌥ F

q(�x, ⇠, t)] (4)

is the singlet GPD combination for the quark flavor q,
where the upper sign holds for vector GPDs (Hq

, E
q)

SoLID
Note: Positron beams

• Access GPDs away from x=±ξ

• Cross section ×100 smaller than 

for DVCS

• Requires large acceptance, high 

luminosity detector with superb 
muon detection 


• Two Letters of Intent submitted 
to PAC (SoLID & CLAS12)
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Semi Inclusive Deep Inelastic Scattering (SIDIS) at 12 GeV with SoLID

(left panel) shows the projected precision of the extracted transversity h1(x) from the SoLID base configuration for731

both the u and the d quark flavor compared with the current knowledge from a global analysis of the world data [174].732

In addition to providing 3-D imaging in momentum space, the Sivers functions also contain information on the quark733

orbital angular momentum. The transversity distributions is one of the three leading twist colinear distributions when734

integrated over the transverse momentum. The other two are the well-known unpolarized distributions and the helicity735

distributions. The integration of the transversity over x is the tensor charge. Tensor charge is a fundamental property736

of the nucleon which has been precisely calculated with Lattice QCD. Precision determination of the tensor charge737

would provide a benchmark test of Lattice QCD calculations. Figure 9 (right panel) shows the projection of expected738

precision from SoLID measurements in determining the tensor charge along with Lattice QCD calculations. Also739

shown are other theory/model predictions and phenomenological determinations from current world data [174].740
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Figure 9: (Left panel) The projected precision of SoLID measurements [163, 164] of transversity h1(x) for u and d quark (red bands), together with
results from global analysis of the world data (grey bands). (Right panel) The extracted tensor charge for u and d quark together with predictions
from lattice QCD, models, and phenomenological analyses of world data [174].

Studies of correlations of final state hadrons are crucial for understanding of the hadronization process in general,741

and the TMD FFs, in particular. First publication of CLAS12, dedicated to correlations in two hadron production in742

SIDIS [175], revealed significant correlations between hadrons produced in the current fragmentation region. Signif-743

icant single-spin asymmetry has been measured, which can be related to higher twist PDF e, interpreted in terms of744

the average transverse forces acting on a quark after it absorbs the virtual photon [176]. The di↵erence of error bars745

of 6 GeV and 12 GeV measurements, see Fig. 10, demonstrates the impact of the beam energy on the phase space for746

production of multiple hadrons in the final state.747

Measurements of flavor asymmetries in sea quark distributions performed in DY experiments, indicate very sig-748

nificant non-perturbative e↵ects at large Bjorken-x, where the valence quarks are relevant [178]. The measurements749

by E866 collaboration [179], and more recently by SeaQuest [180] suggest that d̄ is significantly larger than ū in the750

full accessible x-range, where non-perturbative e↵ects are measurable. The non-perturbative qq̄ pairs, most likely751

responsible for those di↵erences, are also correlated with spins and play a crucial role in spin orbit correlations, and752

in particular, single-spin asymmetries measured by various experiments in last few decades.753

Collinear PDFs have flavour dependence, thus it is not unexpected that also the transverse momentum dependence754

may be di↵erent for the di↵erent flavours [181]. Model calculations of transverse momentum dependence of TMDs755

[182, 183, 184, 185] and lattice QCD results [155, 157] suggest that the dependence of widths of TMDs on the quark756

polarization and flavor may be significant. It was found, in particular, that the average transverse momentum of757

antiquarks is considerably larger than that of quarks [186, 187].758

20
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Projected ALL Data Points

• WAPP I KLL point in blue 
• WAPP II ALL points in red 

• 5% statistical uncertainties on points shown 
• Not shown is 15% theoretical uncertainty band 
• Uncertainties expected to provide clear test of WAPP I and WAPP II original aims

E12-20-008 and E12-21-005 

⃗γ ⃗n → π−p
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GPD-Based Theory Predictions

• Above resonance region and at sufficiently 
large s, -t, -u >> Λ2QCD GPD treatment 
should work 

• Leading order treatment describes real 
Compton scattering quite well for chosen 
kinematics  

• However calculations including twist-2 
amplitudes underestimate CLAS π0 cross-
sections by >2 orders of magnitude 

• Twist-2 treatment within GPD framework 
not sufficient 

• Not describing fully nature of interaction 
mechanism!

H.W. Huang, P. Kroll, T. Morii, 
Eur. Phys. J. C 23, 301 (2002)

H.W. Huang, P. Kroll, T. Morii, 
Eur. Phys. J. C 23, 301 (2002)

Handbag mechanism: one q from 
ingoing and one q from outgoing 

nucleon participate in hard process 
only. Others are spectators

P. Kroll, K. Passek-
Kumericki, Phys. Rev. 
D 97, 074023 (2018)

• Recent calculations by Kroll et al. found 
that inclusion of twist-3 contributions are 
dominant factor in agreement with cross-
section

B, c, d are twist-3 Fock 
components for DA 

GPDs
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Proton Electric

Neutron Electric

Precision GM,E at High Q2 Nucleon Elastic Form Factors

10

Several experiments in 
progress or planned in 
the near future, pushing 
the limits of Q2 with 
highest possible 
precision.

Electric form factor 
measurements rely on 
polarization observables 
to extract the ratio of 
electric to magnetic.
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See “Jefferson Lab Hall C: Precision Physics at the Luminosity Frontier”, The Hall C Futures Working Group
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G. Constraining strange quark elastic form factors
at high momentum transfer

The strange quark content of a nucleon wave function
became a prominent subject in physics with the discov-
ery of the EMC effect and follow-up theoretical investi-
gations [101].1 The method for extracting strange quark
form factors from a combination of parity conserving and
parity violating elastic scattering measurements was for-
mulated in Refs. [102, 103]. Studies were performed by
the SAMPLE and G0 experiments and HAPPEXs and
PVA4. (See data points in Fig. 19.) High accuracy re-
sults were obtained for Q2 less than 0.6 GeV2, and much
less precise results for Q2 up to almost 1 GeV2. However,
the role of F p

s could be larger at several GeV2. For exam-
ple, the neutron electric form factor is zero at Q

2=0 yet
grows relative to the dipole form factor up to 2-3 GeV2. A
recent analysis of the possible value for the strange form
factor suggests that F p

s could be even larger than GDipole ,
or 0.03 at Q2=3.4 GeV2. (See Fig. 19, where outer band
present one sigma limit and yellow band corrresponds to
two sigma limit.)

In a single measurement, the parity non-conserving
asymmetry has contributions from the electrical and
magnetic form factors from strange quarks and axial nu-
cleon form factors. Quasi-elastic scattering of the elec-
trons from a deuteron allows us to constrain the axial
form factor as discussed in Ref. [104]. Here we present
specific ideas for a new experiment to determine F

p
s in

a coincidence measurement using SBS equipment. The
proposed measurements on the proton and deuteron tar-
gets will provide empirical constraints on those form fac-
tors in a higher Q2 range which was not explored before.
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FIG. 19. The strange form factor vs. Q
2 data and projec-

tions per Refs. [105, 106].

The nucleon form factors for the virtual photon have

1 This section is an abbreviated version of material presented at
the ECT* 2019 workshop, https://arxiv.org/abs/2001.02190 .

three contributions:

G
�
E,M = 2

3G
u
E,M

+ �1
3 G

d
E,M

+ �1
3 G

s
E,M

(5)

The Z boson analogs of equation 5 have a similar struc-
ture, but with the quark charges replaced by the vec-
tor weak charges of the quarks. A new measurement
of the parity violating asymmetry of longitudinally po-
larized electrons scattering from a proton at high Q

2,
combined with the existing world data for G

�
E,M for the

proton and neutron, the assumption of isospin symmetry,
and constraints on the axial contributions from other ex-
periments, will enable a complete flavor decomposition
of the nucleon form factors and determine a linear com-
bination of Gs

E,M
[107].

There are two experimental difficulties in doing the
F

p
s measurement at large Q

2: the relatively low counting
rate and the large background from inelastic electron-
proton scattering. The reduction of the counting rate,
which is due to reduction of the �MottG

2
Dipole

, is partly
compensated by a linear increase of the total asymmetry
for high Q

2. To suppress the inelastic events, one can use
the tight time and the angular correlations between the
scattered electron and recoil proton as was proposed in
Ref. [108].

The solid angle of the apparatus should cover a suit-
able range of the momentum transfer �Q

2
/Q

2 ⇠ 0.2
for which the event rate variation over the detector
solid angle is acceptable. The equipment needed for
such an experiment could be obtained from the SBS
where a highly segmented hadron calorimeter and elec-
tromagnetic calorimeters will be used for the GEp exper-
iment [109]. Figure 20 shows the proposed configuration
of the detectors. Modern electronics such as a flash ADC
allows dead-time free data collection.

The proposed detector configuration has an electron
arm with a solid angle of 0.06 sr at a scattering angle
of 15.5±1.5 degrees. Within 30 days of data taking with
a 6.6 GeV beam, the PV asymmetry will be measured
to 3% relative accuracy which corresponds to an uncer-
tainty of F p

s of 0.002. (Work is in progress to determine
to what extent the uncertainty of the long distance scale
corrections to the axial asymmetry will limit the inter-
pretability.) Such a measurement will provide the first
experimental limit on F

p
s at large momentum transfer of

2.5 GeV2 (or discover its non-zero value) and reduce the
current uncertainty from the strangeness contribution in
the flavor separated proton form factors such as F d

2 by a
factor of 6.

The concept above is close to the one in Ref. [108]
but relies on the existing hadron calorimeter, existing
radiation hard electron calorimeter, and advanced DAQ
currently available. The JLab PAC29 had a concern
about the impact of the proton transverse polarization,
see [110], on determination of the proton coordinate in
the shower detector. A recent study [111] found that po-
larization of the recoil proton will shift the detected coor-
dinate by ⇠10 µm, in close agreement with our analytical
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FIG. 20. Top: Side view of the apparatus. The electron
beam goes from right to left. The proton detector is shown in
green and the electron detector in purple; the liquid hydrogen
target is shown in blue. Bottom: Front view of the apparatus.
The blocks in orange get signals from the electron and the
proton whose directions are shown in red.

estimate. Such a value of the coordinate shift contributes
1% experimental uncertainty in PV asymmetry.

H. Precision Measurement of Hyperon Decay

Almost five decades after the discovery of ⇤0 polariza-
tion in inclusive unpolarized p-Be scattering [112], the
exact physical origin of this spontaneous (self) polar-
ization phenomena remains a mystery. Quark helicity
conservation and the small magnitude of spin-flip ampli-
tudes arising from higher twist contributions along with
the high multiplicity of inclusive reactions imply that the
large self polarizations cannot be understood in pertur-
bative QCD. In fact this is just as (or even more) se-
rious a problem as the nucleon spin problem and are
probably closely related [113]. It even led to the intro-
duction of new type of leading twist fragmentation func-
tions (FF) called polarizing FF that depend on the quark

transverse polarization [114]. The hyperon polarization is
typically determined from their self-analyzing parity vio-
lating weak decay by measuring the angular distribution
of the decay products. These self-analyzing hyperon de-
cays are a strangeness key to study confinement in QCD.
This is primarily because the mass of the strange quark
(⇠ 95 MeV/c2) is closest to the QCD cut-off ⇤QCD ⇡
200 MeV/c2, the scale where quarks are confined into
hadrons.

Triple coincidence measurements with the HMS,
SHMS and NPS can provide a unique precision window
into hyperon self polarization. In the case of the ⇤0 and
⌃0 decay, the seldom used ⇤0 ! ⇡

0
n and ⌃0 ! ⇤0

�

decay channels can be employed. The triple coincidence
reactions p(~e, e

0
K

+
⇡
0)n and p(~e, e

0
K

+
�)⇤0 can be mea-

sured with the scattered electron detected in the HMS
and the K

++⇡
0
/� detected in the SHMS+NPS com-

bined spectrometer system. The polarized electron beam
and the parity violating weak decay of the hyperons im-
ply that in the rest frame of the hyperon the angular
distribution of the decay products is given by [115];

dN
±

d cos ✓⇡0/�
= N

h
1 + ↵(P 0 ± PbP

0
) cos ✓⇡0/�

i
,

where ✓ is the C.M. angle of the decaying ⇡
0
/�, ↵ is the

parity violating decay parameter, P 0 is the induced (self
polarization), Pb is the beam polarization and P

0
is the

polarization transfer. The high luminosity and the high
resolution spectrometers of Hall C will enable precision
measurement of P 0 and P

0
in hyperon decay over a large

range of W, t and Q
2. This will allow precision tests of

the strange quark spin, orbital angular momentum and
final state interactions and provide unique insight into
confinement in QCD. Similar measurements with nuclear
targets will provide precision information on the hyperon
response functions RTL0 and RTT 0 and their A depen-
dence. All of this will help unravel the five decade old
puzzle of hyperon self-polarization.

In addition, the measurement of a non-zero angular
asymmetry in the ~⌃0 ! ⇤0

� decay via the reaction
p(~e, e

0
K

+
�)⇤0 or p(~e, e

0
⇡
�
�)p would serve as an indi-

cation of strong CP violation beyond the SM [116]. This
reaction provides an alternate test of CP violation that
is a hybrid of the traditional weak decay of baryons and
electric dipole moment (EDM) searches. It was recently
pointed out that this angular asymmetry has never been
measured to date [116]. Given the challenges of mea-
suring ⌃0 decays, this measurement is only possible in a
high luminosity facility such as Hall C.

Furthermore, with a focal plane polarimeter (FPP) in
the SHMS one can measure the parity violating decay
parameter of the ⌃+ hyperon with unprecedented pre-
cision. Note that the PDG value of this decay parame-
ter is based on a measurement from the 1960s with less
than 1500 events [115]. The triple coincidence reactions
p(~e, e

0
~p⇡

0)K0 can be used to measure the decay param-
eters of the ⌃+ hyperon (~⌃+ ! p⇡

0). The polarization
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FIG.20.Top:Sideviewoftheapparatus.Theelectron
beamgoesfromrighttoleft.Theprotondetectorisshownin
greenandtheelectrondetectorinpurple;theliquidhydrogen
targetisshowninblue.Bottom:Frontviewoftheapparatus.
Theblocksinorangegetsignalsfromtheelectronandthe
protonwhosedirectionsareshowninred.

estimate.Suchavalueofthecoordinateshiftcontributes
1%experimentaluncertaintyinPVasymmetry.

H.PrecisionMeasurementofHyperonDecay

Almostfivedecadesafterthediscoveryof⇤0polariza-
tionininclusiveunpolarizedp-Bescattering[112],the
exactphysicaloriginofthisspontaneous(self)polar-
izationphenomenaremainsamystery.Quarkhelicity
conservationandthesmallmagnitudeofspin-flipampli-
tudesarisingfromhighertwistcontributionsalongwith
thehighmultiplicityofinclusivereactionsimplythatthe
largeselfpolarizationscannotbeunderstoodinpertur-
bativeQCD.Infactthisisjustas(orevenmore)se-
riousaproblemasthenucleonspinproblemandare
probablycloselyrelated[113].Itevenledtotheintro-
ductionofnewtypeofleadingtwistfragmentationfunc-
tions(FF)calledpolarizingFFthatdependonthequark

transversepolarization[114].Thehyperonpolarizationis
typicallydeterminedfromtheirself-analyzingparityvio-
latingweakdecaybymeasuringtheangulardistribution
ofthedecayproducts.Theseself-analyzinghyperonde-
caysareastrangenesskeytostudyconfinementinQCD.
Thisisprimarilybecausethemassofthestrangequark
(⇠95MeV/c2)isclosesttotheQCDcut-off⇤QCD⇡
200MeV/c2,thescalewherequarksareconfinedinto
hadrons.

TriplecoincidencemeasurementswiththeHMS,
SHMSandNPScanprovideauniqueprecisionwindow
intohyperonselfpolarization.Inthecaseofthe⇤0and
⌃0decay,theseldomused⇤0!⇡

0
nand⌃0!⇤0

�

decaychannelscanbeemployed.Thetriplecoincidence
reactionsp(~e,e

0
K

+
⇡

0)nandp(~e,e
0
K

+
�)⇤0canbemea-

suredwiththescatteredelectrondetectedintheHMS
andtheK

++⇡
0
/�detectedintheSHMS+NPScom-

binedspectrometersystem.Thepolarizedelectronbeam
andtheparityviolatingweakdecayofthehyperonsim-
plythatintherestframeofthehyperontheangular
distributionofthedecayproductsisgivenby[115];

dN
±

dcos✓⇡0/�
=N

h
1+↵(P0±PbP

0
)cos✓⇡0/�

i
,

where✓istheC.M.angleofthedecaying⇡
0
/�,↵isthe

parityviolatingdecayparameter,P0istheinduced(self
polarization),PbisthebeampolarizationandP

0
isthe

polarizationtransfer.Thehighluminosityandthehigh
resolutionspectrometersofHallCwillenableprecision
measurementofP0andP

0
inhyperondecayoveralarge

rangeofW,tandQ
2.Thiswillallowprecisiontestsof

thestrangequarkspin,orbitalangularmomentumand
finalstateinteractionsandprovideuniqueinsightinto
confinementinQCD.Similarmeasurementswithnuclear
targetswillprovideprecisioninformationonthehyperon
responsefunctionsRTL0andRTT0andtheirAdepen-
dence.Allofthiswillhelpunravelthefivedecadeold
puzzleofhyperonself-polarization.

Inaddition,themeasurementofanon-zeroangular
asymmetryinthe~⌃0!⇤0

�decayviathereaction
p(~e,e

0
K

+
�)⇤0orp(~e,e

0
⇡

�
�)pwouldserveasanindi-

cationofstrongCPviolationbeyondtheSM[116].This
reactionprovidesanalternatetestofCPviolationthat
isahybridofthetraditionalweakdecayofbaryonsand
electricdipolemoment(EDM)searches.Itwasrecently
pointedoutthatthisangularasymmetryhasneverbeen
measuredtodate[116].Giventhechallengesofmea-
suring⌃0decays,thismeasurementisonlypossibleina
highluminosityfacilitysuchasHallC.

Furthermore,withafocalplanepolarimeter(FPP)in
theSHMSonecanmeasuretheparityviolatingdecay
parameterofthe⌃+hyperonwithunprecedentedpre-
cision.NotethatthePDGvalueofthisdecayparame-
terisbasedonameasurementfromthe1960swithless
than1500events[115].Thetriplecoincidencereactions
p(~e,e

0
~p⇡

0)K0canbeusedtomeasurethedecayparam-
etersofthe⌃+hyperon(~⌃+!p⇡

0).Thepolarization

This proposal

Parity violating elastic electron scattering 
from the proton using a coincidence 
counting approach.

One issue is potential contributions from 
the proton axial vector form factor, but 
these seem to be under control.

Measurements go towards a flavor 
separation of elastic form factors.
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See also Nature 575(2019)147 and arXiv:2009.10510

rp from the PRad-II experiment is shown in Fig. 2 along with recent electron scattering extractions [22, 26, 27],391

atomic physics measurements on ordinary hydrogen [28, 29, 30, 25] and muonic hydrogen [4, 5], and the CODATA392

values [31, 23]. The PRad-II precision will help address possible systematic di↵erences between the most precise393

ordinary hydrogen and µH spectroscopy results and provide independent input for future CODATA recommendations394

for rp and the Rydberg constant. The precision of the PRad-II will also stimulate future high-precision lattice QCD395

predictions for the proton radius and contribute to new physics searches such as the violation of lepton universality.396

0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
 [fm]pProton charge radius r

CODATA-2014

H spect.)µAntognini 2013 (

H spect.)µPohl 2010 (

Beyer 2017 (H spect.)

Fleurbaey 2018 (H spect.)

Bernauer 2010 (ep scatt.)

CODATA-2018

Bezginov 2019 (H spect.)

PRad 2019 (ep scatt.)

PRad-II projection

Zhan 2011 (ep scatt.)

Grinin 2020 (H spect.)

Figure 2: The projected rp result from PRad-II, shown along with the result from PRad and other measurements.

Nucleon Form Factors at Large Momentum Transfer397

At a large value of Q2, the form factors should reflect a transition to the perturbatively dominated mechanism398

and reveal the role of orbital angular momentum of the quarks and gluons in the nucleon. One of the first completed399

experiments in Hall A with the upgraded JLab accelerator was a precision measurement of the proton magnetic400

form factor up to Q2 = 16 GeV2 [32]. This experiment nearly doubled the Q2 range over which direct Rosenbluth401

separations of GE and GM can be performed, and confirming the discrepancy with polarization measurements (believe402

to be the result of two-photon exchange corrections) to larger Q2 values. The new SBS and the upgraded BigBite403

Spectrometer are being installed in Hall A and will be ready for experiments starting late 2021. A series of SBS404

experiments [33, 34, 35, 36, 37, 38] will measure the magnetic and electric form factors of the proton and neutron and405

allow a determination of the flavor separated form factors to Q2 = 10 � 12 GeV2. A complementary measurement406

of the neutron magnetic form factor will be performed with CLAS12 in Hall B [39]. In Fig. 3, plots compare the407

projected results of the SBS form factor experiments to various theoretical models. To visualize the impact of the408

SBS experiments, the uncertainty bands from a fit to the existing data is compared to a fit including the SBS projected409

data for the ratio, Q2F2/F1, of the Pauli to Dirac form factors and the ratio, Fd
1/F

u
1, of the flavor separated down and410

up quark Dirac form factors are plotted in Fig. 3. The SBS form factor experiments will push into a Q2 regions in411

which theory expects new degrees of freedom to emerge in our understanding of QCD non-pertubative phenomena in412

nucleon structure, e.g., log scaling of F2/F1 predicted in Ref. [40].413

2.2. Quark Parton Distributions at High x414

JLab 12 GeV facility provides the unprecedented opportunities to access to high-x quark distributions. New data415

from JLab and other facilities, including RHIC at BNL, FNAL, and the Large Hadron Collider (LHC), have provided416

more stringent constraints on PDFs in previously unmeasured regions at small and large values of x. At the same time,417

new analysis techniques have been developed, notably by the JLab Angular Momentum (JAM) collaboration [52],418

using Monte Carlo methods and modern Bayesian analysis tools, which provide a more rigorous theoretical framework419

in which to analyze the new data.420

10
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PRL126(2021)172502 (PREX2)   and   arXiv:2205.11593 (CREX)

As a final sensitive test for unknown systematic effects,
the data were separated into four time periods depending on
the sign of the HWP and double-Wien states. The results
are statistically consistent, as summarized in Table II. The
χ2 for averaging over the slugs in each configuration
is shown.
For a direct comparison of the measurement to theoreti-

cal predictions one must convolve the predicted asymmetry
variation with the acceptance of the spectrometers:

hAPVi ¼
R
dθ sin θAðθÞ dσ

dΩ ϵðθÞR
dθ sin θ dσ

dΩ ϵðθÞ
; ð3Þ

where dσ=dΩ is the differential cross section and AðθÞ is
the modeled parity violating asymmetry as a function of
scattering angle. The acceptance function ϵðθÞ is defined as
the relative probability for an elastically scattered electron
to make it to the detector [37]. The systematic uncertainty
in ϵðθÞ was determined using a simulation that took into
account initial and final state radiation and multiple
scattering.
Our final results for Ameas

PV and FW with the acceptance
described by ϵðθÞ and hQ2i ¼ 0.00616 GeV2 are

Ameas
PV ¼ 550$ 16 ðstatÞ $ 8 ðsystÞ ppb

FWðhQ2iÞ ¼ 0.368$ 0.013 ðexpÞ $ 0.001 ðtheoÞ;

where the experimental uncertainty in FW includes both
statistical and systematic contributions.

The correlation between APV and the 208Pb weak radius
RW is obtained by plotting the predictions for these two
quantities from a sampling of theoretical calculations
[8,40–45], as shown in Fig. 3, along with the green band
highlighting Ameas

PV and its 1-σ experimental uncertainty.
Single nucleon weak form factors are folded with point

nucleon radial densities to arrive at the weak density
distribution ρWðrÞ, usingQW ¼ −117.9$ 0.3which incor-
porates one-loop radiative corrections including γ-Z box
contributions [47–50] as an overall constraint. The corre-
lation slope in Fig. 3 is determined by fitting ρWðrÞ as a
two-parameter Fermi function over a large variety of
relativistic and nonrelativistic density functional models,
determining for each model a size consistent with RW and a
surface thickness a. This also determines the small model
uncertainty, shown in Fig. 3 (dashed red lines), correspond-
ing to the range of a [24,37,51].
Projecting to the model correlation to determine the

weak radius or alternatively the neutron skin (left and right
vertical axes, respectively), the PREX-2 results are

RW ¼ 5.795$ 0.082ðexpÞ $ 0.013ðtheoÞ fm
Rn − Rp ¼ 0.278$ 0.078ðexpÞ $ 0.012ðtheoÞ fm.

The normalization constant in the Fermi-function form
of ρWðrÞ used to extract RW is a measure of the 208Pb
interior weak density [37]:

ρ0W ¼ −0.0798$ 0.0038 ðexpÞ $ 0.0013 ðtheoÞ fm−3:

Combined with the well-measured interior charge density,
the interior baryon density determined solely from the
PREX-2 data is ρ0b ¼ 0.1482$ 0.0040 fm−3 (combining
experimental and theoretical uncertainties).
This result is consistent with the results from the PREX-1

measurement, which found Rn − Rp ¼ 0.30$ 0.18 fm
[52]. Table III summarizes nuclear properties of 208Pb from
the combined PREX-1 and PREX-2 results, including a 4σ
determination of the neutron skin.
Exploiting the strong correlation betweenRn − Rp and the

density dependence of the symmetry energy L, the PREX
result implies a stiff symmetry energy (L ¼ 106$ 37 MeV
[53]), with important implications for critical neutron star
observables. Figure 4 shows the inferred radial dependence

TABLE II. Ameas
PV for different HWP-Wien state combinations.

HWP/Wien Acorr sign Ameas
PV [ppb] χ2 #slugs

IN/Left − 540.7$ 29.9 46.9 27
OUT/Left þ 598.8$ 29.1 31.6 29
IN/Right þ 506.2$ 34.1 18.3 19
OUT/Right − 536.4$ 37.7 16.0 21
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FIG. 3. Extraction of the weak radius (left vertical axis) or
neutron skin (right vertical axis) for the 208Pb nucleus. Rch [46] is
shown for comparison.

TABLE III. PREX-1 and -2 combined experimental results for
208Pb. Uncertainties include both experimental and theoretical
contributions.

208Pb Parameter Value

Weak radius (RW) 5.800$ 0.075 fm
Interior weak density (ρ0W) −0.0796 $ 0.0038 fm−3
Interior baryon density (ρ0b) 0.1480$ 0.0038 fm−3
Neutron skin (Rn − Rp) 0.283$ 0.071 fm

PHYSICAL REVIEW LETTERS 126, 172502 (2021)

172502-5
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FIG. 5. 48Ca neutron minus proton radius versus that for
208Pb. The PREX-2+PREX-1 experimental result is shown
as a blue square, while that for CREX is shown as a red
square with the inner error bars indicating the experimental
error and the outer error bars including the model error. The
gray circles (magenta diamonds) show a variety of relativis-
tic (non-relativistic) density functionals. Coupled cluster [8]
and dispersive optical model (DOM) predictions [47] are also
shown.

from this work, including excellent systematic control
of helicity-correlated fluctuations and demonstration of
high precision electron beam polarimetry, will inform the
design of future projects MOLLER [49] and SoLID [50]
at JLab measuring fundamental electroweak couplings,
as well as P2 and the 208Pb radius experimental propos-
als at Mainz [51].
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[26] H. Güven, K. Bozkurt, E. Khan, and J. Margueron, Mul-

Extracting the skin in 208Pb from PV Asymmetry 208Pb skin thickness vs 48Ca

A narrow range of models are consistent with a 
“thick” skin in 208Pb and a “thin” skin in 48Ca.



Jim Napolitano 2022 JLUO Meeting

Neutron Star Merger GW170817 Astrophysics!

14

ApJ 848(2017)L12

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017% 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90%
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

PRL 119(2017)161101 

to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017% 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90%
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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Figure 5. The left-hand graph displays the tidal polarizability of a 1.4M� neutron
star as a function of both its radius and the neutron skin thickness of 208Pb. The
circles denote the predictions from several accurately calibrated covariant energy density
functionals. The rectangular sections delineate the regions that are consistent with the various
experiments/observations. The right-hand graph shows the mass-radius relation as predicted
by a subset of the models. Also shown are constraints obtained from theory, electromagnetic
observations, and gravitational-wave detections, as articulated in the text.
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in the GW170817 discovery paper [3], yet it is outside the ⇤1.4 . 580 limit suggested in the
revised paper [51]. If confirmed, this will create some serious tension—at least relative to the
models presented here—and may suggest the onset of a phase transition. Indeed, the PREX
result suggests that the equation of state is sti↵ in the vicinity of nuclear saturation density.
However, the EOS will have to soften considerably at intermediate densities to accommodate the
revised limit on ⇤1.4

? . Ultimately, however, the EOS will need to sti↵en at the highest densities
to account for the existence of ⇠2M� neutron stars.

Finally, we display on the right-hand side of Fig. 5 the “holy grail” of neutron-star structure:
the mass-radius relation. The theoretical predictions are made by a subset of models used on
the left-hand panel. Also incorporated into the plot are several of the high-quality astronomical
data that have been collected since GW170817. By incorporating both gravitational-wave and
electromagnetic information from GW170817, Bauswein and collaborators were able to provide
a lower limit on the radius of a 1.6M� neutron star [52]. By combining this analysis with the
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Figure 14: Preliminary mass spectra and amplitude analysis results from GlueX for the reactions �p! ⌘⇡0 p (left) and �p! ⌘⇡��++ (right) with
0.1 < �t < 0.3 GeV2 and 8.2 < E� < 8.8 GeV [222]. The total measured intensity is shown in black with colored points for the dominant tensor
a2(1320) amplitudes, labeled L✏m.

containing strange quarks are expected. A significant increase in statistics is required to study these mesons con-987

taining strange quarks as they’re produced at a rate roughly an order of magnitude smaller than non-strange mesons.988

Thus, higher statistics data samples are currently being collected by the GlueX and CLAS12 experiments to complete989

program in strange meson spectroscopy, which is required to clearly identify a pattern of gluonic excitations. Along990

with additional statistical precision, the recent addition of Cherenkov detectors in GlueX [225] and CLAS12 [226]991

will provide critical separation between charged pions and kaons to separate these strange and non-strange final states.992

4.4. Experimental baryon spectroscopy program993

Another critical component of the JLab spectroscopy program carried out over the last ⇠15 years is the study of the994

spectrum and structure of excited nucleon states, referred to as the N⇤ program. Through measurements of exclusive995

electroproduction of both strange and non-strange final states, detailed electrocouplings measurements over a wide996

kinematic range have provided critical input to global analyses to elucidate the N⇤ spectrum (see Ref. [227, 228] for997

recent reviews). Studies of these N⇤ states are currently being extended with the new CLAS12 detector in the 12 GeV998

era of experiments, which will significantly extend the kinematic range to Q2 > 5 GeV2 [229, 230].999

The discussion of the gluon’s role in the hadron spectrum as described in Sect. 4.1 implies the search for and1000

study of hybrid baryons with constituent gluonic excitations, and Lattice QCD calculations predict a rich spectrum1001

of such baryons with an excitation scale comparable to that expected for hybrid mesons [231]. Hybrid baryons could1002

be identified as supernumerary states in the N⇤ spectrum, but they do not exhibit exotic quantum numbers, making1003

them challenging to clearly distinguish from conventional baryons. However, measurements of the electrocoupling1004

evolution with Q2 becomes critical in the search for hybrid baryons, where a distinctively di↵erent Q2 evolution of the1005

hybrid-baryon electrocouplings is expected considering the di↵erent color-multiplet assignments for the quark-core1006

in a conventional baryon compared to a hybrid baryon [232].1007

Finally, many hyperon spectroscopy measurements are expected from the GlueX and CLAS12 experiments, where1008

the associated production of kaons allows one to study baryons with net strangeness including the ⌅ and⌦ [210, 233].1009

However, this program will be expanded by proposal to perform hyperon spectroscopy with a neutral kaon beam in1010

Hall D, which was recently approved by the PAC [234]. The KL Facility (KLF) will produce a secondary beam in1011

Hall D with a flux of ⇠ 104 KL/s and utilize both hydrogen and deuterium targets inside the large-acceptance GlueX1012

experimental setup. Di↵erential cross sections and hyperon recoil polarizations over a broad range of kinematics1013

will provide significant new constrains on the partial wave analyses to search for and determine the pole positions of1014

strange ⇤,⌃,⌅, and ⌦ hyperon resonances, where many states are predicted by quark models and lattice QCD, which1015

have not yet been observed.1016
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Figure 14: Preliminary mass spectra and amplitude analysis results from GlueX for the reactions �p! ⌘⇡0 p (left) and �p! ⌘⇡��++ (right) with
0.1 < �t < 0.3 GeV2 and 8.2 < E� < 8.8 GeV [222]. The total measured intensity is shown in black with colored points for the dominant tensor
a2(1320) amplitudes, labeled L✏m.
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Primary goal for GlueX: Resonant (?) P-wave in ⃗γ p → ηπ N

Excellent data quality, continuing analysis for unambiguous extraction of P-wave
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4.5. Charmonium and future opportunities at higher energy1017

The discovery of multi-quark candidates, the XYZP states, observed mainly in the charmonium spectrum have rev-1018

olutionized the field of hadron spectroscopy. These candidates have been observed in reactions involving complicated1019

production and/or decay processes and some signals may be di�cult to interpret due to kinematic e↵ects which could1020

mimic a resonance signal [235, 236, 237, 238]. Therefore, observation of these states in photo- or electro-production1021

is needed to confirm their existence and obtain more information on their structure.1022

Following the observation of the narrow pentaquark candidates P+c (4312), P+c (4440), and P+c (4457) by LHCb in1023

the J/ p channel of the ⇤0
b ! J/ pK� decay [239, 240], it was proposed to search for these states in �p ! J/ p1024

where it can be produced directly in a much simpler 2! 2 body kinematics [241, 242, 243, 244].1025

The first measurements of this process at JLab were performed by GlueX [150] and are shown in Fig. 15, with1026

curves depicting the strength of hypothetical Pc signals. No structures are observed in the measured cross section,1027

however model-dependent upper limits are set on the branching ratio of the possible PC ! J/ p decays. Preliminary1028

results from the J � 007 experiment in Hall C also observe no Pc signal and will set more restrictive limits on the1029

branching ratio [245].1030
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Figure 15: (left) GlueX results for the J/ total cross section vs beam energy, compared to the JPAC model [244] with hypothetical branching
ratios provided in the legend for P+c with JP = 3/2� as described in Ref. [150]. (right) Projections for SOLID  (2s) total cross section vs beam
energy for CEBAF upgrade with Ee = 17 GeV.

At higher energies, (quasi-real) photoproduction is especially appealing since many of the XYZP states could be1031

produced directly and observed decaying to relatively simple final states, eliminating some of the kinematical e↵ects.1032

Furthermore, one can use the polarization of beam and target to achieve a precise separation of the various production1033

mechanisms, which is not possible, for example, at hadron colliders. Another advantage is that one can scan di↵erent1034

center-of-mass energies by detecting the scattered electron at di↵erent angles, while keeping the beam at the nominal1035

energy. This cannot be done by the existing e+e� ⌧-charm factories, where one has to tune carefully the beam energy1036

to do so.1037

Three candidates stand out in particular: the X(3872), Zc(3900) and the Y(4260). The X state is by far the best1038

known. Its most unusual feature is the strength of isospin violation observed in decays, B(X ! J !)/B(X !1039

J ⇡+⇡�) = 1.1 ± 0.4 [11], which is impossible for ordinary charmonium. Furthermore, the mass of the X(3872)1040

is within a fraction of an MeV from the D0D0⇤ threshold, making it a good candidate for a threshold bound state.1041

Since the X has sizeable branching fractions to J ⇢ and J !, peripheral photoproduction involving light vector1042

meson exchange can result in sizable yields. The charged Zc(3900)+ is observed as a resonance in J ⇡+, making it a1043

good candidate for a four-quark state. Finally, there is an overpopulation of hidden-charm vector resonances. Three1044

ordinary  states appear in the inclusive RD measurements, leaving no room for other vectors like the Y(4260). The1045

latter can be produced di↵ractively.1046

The photoproduction cross sections for these states have recently been estimated to be of the order of a nanobarn1047

for photon energies E� ⇠ 20–25 GeV [246]. The yields have been computed using a hypothetical detector setup1048

based on the existing GlueX apparatus at Je↵erson Lab [211]. Specifically, for a luminosity of ⇠ 500 pb�1/year and1049

even with a conservative assumption about e�ciency, one expects hundreds of events per year of data taking. While1050

28

• Searching for evidence of photproduction of pentaquark state

• Connection to proton mass radius: Phys Rev D 104(2021)054015
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Figure 22: Current exclusion regions for a dark photon with the projected sensitivity of two fully approved and operating CEBAF experiments,
APEX (2019 statistics — magenta) and HPS (full run plan including 2019, 2021, and future running—green). The exclusion regions come from
[391, 392, 393, 394, 395, 381, 384, 396, 397, 398, 399, 400, 401, 386, 385, 389, 402, 403]. Plots and projections courtesy of HPS collaboration
and Vardan Khachatryan.
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mesons, providing important input to calculate hadronic light-by-light corrections to the anomalous magnetic1678

moment of the muon [429].1679

• A search for various gauge boson candidates in the MeV–GeV mass range, probing three out of four highly1680

motivated portals coupling the SM sector to the dark sector. A leptophobic vector boson (B0) [430] coupling1681

to baryon number can be searched for via ⌘, ⌘0 ! B0� ! ⇡0�� for 0.14 < mB0 < 0.62 GeV, and ⌘0 !1682

B0� ! ⇡+⇡�⇡0� for 0.62 < mB0 < 1 GeV. The leptophilic vector bosons [431, 432, 381, 433] can be searched1683

for in the decays of ⌘, ⌘0 ! A0� ! e+e��. A hadrophilic [434, 435] scalar can be probed in ⌘ ! ⇡0S !1684

⇡0��, ⇡0e+e� for mS < 2m⇡, and in ⌘, ⌘0 ! ⇡0S ! 3⇡, ⌘0 ! ⌘S ! ⌘⇡⇡ for mS > 2m⇡. Axion-Like Particles1685

(ALP) [436, 437, 438, 439] can be explored via ⌘, ⌘0 ! ⇡⇡a ! ⇡⇡��, ⇡⇡e+e�. Figure 23 gives an example1686

for the sensitivity of the JEF experiment. With 100 days of beam time, a study of ⌘ ! � + B0(! � + ⇡0) will1687

improve the existing model-independent bounds by two orders of magnitude, with sensitivity to the baryonic1688

fine structure constant ↵B as small as 10�7, indirectly constraining the existence of anomaly cancelling fermions1689

at the TeV-scale.1690

• Fundamental symmetry tests. The ⌘(0) meson is the eigenstates of C, P, CP, and G (IG JPC = 0+0�+), representing1691

a natural candidate to test discrete symmetries. Particularly, the ⌘(0) meson is among very few self-conjugate1692

particles existing in the nature for testing charge-conjugation symmetry. A search for C-violating ⌘(0) decays1693

(such as ⌘(0)
! 3�, ⌘(0)

! 2⇡0�, and ⌘(0)
! ⇡0e+e�) and a mirror asymmetry in the Dalitz distribution of1694

⌘(0)
! ⇡+⇡�⇡0 will o↵er the best direct-constraints for new C-violating, P-conserving reactions.1695

100 days’ beam 

Figure 23: Current exclusion regions for a leptophobic gauge boson B0 [422, 430], with the projected 2�/5� sensitivity reach for the JEF experiment
via ⌘! �+B0(! �+⇡0). Color-shaded regions and curves are model-independent. These include constraints from rare ⌘, ⌘0 decays (red), hadronic
⌥(1S ) decays [440] (yellow), and low-energy n-Pb scattering [441] (purple). The gray shaded regions and dashed contours are model-dependent
and involve leptonic couplings via kinetic mixing "x = x egB

(4⇡)2 : these regions are excluded by dark photon searches for dilepton resonances [398,
391, 392, 393, 394, 395, 442, 443, 444, 445, 446, 403], A0 ! `+`�, for "0.1; and the gray dashed contours are upper limits on ↵B from FCNC
b ! s`+`� and s ! d`+`� [447, 448], for "0.001 (upper line) and "1 (lower line). The blue dashed contours denote the upper bound on the mass
scale ⇤ for new electroweak fermions needed for anomaly cancellation.
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Heavy photons: APEX and HPS JLab Eta Factory

Note: Contours are projections
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energy of either one of the scattered electrons. The SLAC E158 experiment measured gee
AV = 0.0190 ± 0.0027 and1499

sin2 ✓e↵W = 0.2397 ± 0.0010(stat.)±0.0018(syst.) at Q2 = 0.026 (GeV)2. The MOLLER experiment will improve the1500

uncertainty of gee
AV (Qe

W ) to relative ±2.4% and sin2 ✓W to ±0.00028 [361], comparable to the results from SLC [363]1501

and LEP [352].1502

The current knowledge on the AV,VA electron-quark couplings are shown in Fig. 21. The latest data on geq
AV was1503

from the parity-violating asymmetry in ep elastic scattering during the Qweak experiment [346, 347]:1504

Aep
RL,elastic = �

GF Q2

4⇡↵
p

2

⇣
Qp

w + Q2B(Q2, ✓)
⌘
, (10)

where Qp
w = �2(2geu

AV +ged
AV ) is the proton weak charge, �Q2 is the four-momentum transfer squared, ✓ is the scattering1505

angle, and B(Q2, ✓) represents the proton’s internal structure. By measuring the asymmetry at Q2 = 0.025 GeV2 and1506

extrapolating to the Q2 = 0 point, the weak charge of the proton was determined to be Qp
w = 0.0719 ± 0.0045 and the1507

weak mixing angle sin2 ✓W = 0.2383 ± 0.0011. When combined with atomic parity violation experiment [355, 356,1508

357], the Qweak experiment provides the best constraint on the geq
AV couplings to date. The P2 experiment planned at1509

Mainz will improve the uncertainty by a factor 3 over Qweak, determine Qp
w to ±1.83% and sin2 ✓W to ±0.00033 [360].1510

One may notice the stark contrast in Fig. 21 in the precision between AV and VA couplings. This is because1511

access to the electron’s axial coupling is directly provided by the spin flip of electron beam and thus is an observable1512

in all PVES experiments. On the contrary, access to the quark’s axial coupling requires quark spin flip and can only1513

be achieved in the DIS regime, and is suppressed due to angular momentum conservation by the kinematic factor1514

Y = [1 � (1 � y)2]/[1 + (1 � y)2]. For electron DIS o↵ an isoscalar target such as the deuteron and if one considers1515

only the light quark flavors u and d:1516

Ae�,PVDIS
RL,d ⇡

3GF Q2

10
p

2⇡↵

h
(2geu

AV � ged
AV ) + RVY(2geu

VA � ged
VA)
i
, (11)

where RV (x) ⌘ (uV + dV )/(u+ + d+) with q+, qV defined with parton distribution functions q(x): q+ ⌘ q(x) + q̄(x) and1517
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The “12 GeV Era” continues to produce groundbreaking new measurements over 
a wide range of topics in fundamental Nuclear Physics. New facilities, including 
upgrades to CEBAF, show the promise of a long and productive future that will be 
complementary to eventual measurements from the Electron Ion Collider.

Talks follow this one on Positron Beams, the CEBAF Energy Upgrade, and the 
“J-FUTURE” workshop series.

Consider attending the High Energy Workshop Series 2022 organized by JLUO 
• Hadron Spectroscopy with a CEBAF Energy Upgrade 
• The Next Generation of 3D Imaging 
• Science at Mid-x: Anti-shadowing and the Role of the Sea 
• J/ψ and Beyond 
• Physics Beyond the Standard Model

https://www.jlab.org/conference/hews22

