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Experimental Perspectives on 
Electromagnetic Hadron Physics 

Dave Gaskell
Jefferson Lab

EINN – October 29-November 2, 2019

• Facilities and Programs
• JLab 12 GeV Program

• 12 GeV Upgrade
• Experimental Program
• Recent experiments and Results
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Facilities and Programs for Hadronic Physics

• Lepton scattering has historically been the 
“workhorse” of hadronic physics

• Plethora of data from EMC, NMC, SLAC, HERA, 
JLab (6 GeV), COMPASS

• Recently, increasing focus on the Drell-Yan reaction
• E866 à E906 (SeaQuest) at Fermilab. Future 

polarized target program (SpinQuest)
• COMPASS pion Drell-Yan polarized target 

program in progress à Michela Chiosso, Friday

• Polarized proton-proton program at RHIC will 
continue with planned detector upgrades à Renee 
Fatemi
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Jefferson Lab 12 GeV Upgrade
New Hall

Add arc

Enhanced capabilities
in existing Halls

Add 5 cryomodules

Add 5 cryomodules

20 cryomodules

20 cryomodules

Upgrade arc magnets 
and supplies

CHL upgrade

JLab 12 GeV Upgrade expands 
physics reach by doubling maximum 
available beam energy:

6 GeV à 12 GeV

à New experimental Hall D –
experiments with (polarized) 
photons – gluonic excitations in  
meson spectrum

à Halls A, B, and C will build on 
their rich 6 GeV program to 
provide new insight into hadronic 
structure
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Experimental Capabilities
Hall A
Existing HRS 
magnetic focusing
spectrometers + Big 
Bite + new, large 
acceptance Super Big 
Bite

Hall C
HMS + new SHMS 
magnetic focusing
spectrometers
à Precision cross 
sections, LT 
separations

Hall B
New CLAS12, large 
acceptance spectrometer
à Good hadron PID
à Simultaneous 

measurement of broad 
phase space

Hall D
GlueX large 
acceptance 
spectrometer
à Total event 
reconstruction for 
meson spectroscopy

M. R. Shepherd 
HADRON19, Guilin 

August 18, 2019
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Future Facilities and Upgrades
MOLLER spectrometer (Hall A) 
à Measurement of PV in ee scattering

Solenoidal Large Intensity Device (SoLID)
à Parity violation in DIS
à SIDIS with unpolarized/polarized targets

Neutral Particle 
Spectrometer (Hall C)
à DVCS
à p0 in exclusive, 

SIDIS reactions
à Wide angle 

Compton scattering
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Partonic Structure of Nucleons in 3D via SIDIS
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Interest in semi-inclusive processes originally dominated by 
potential use in “flavor tagging” 1D quark PDFs
à deconvolution of polarized PDFs
à constraints on unpolarized sea

Transverse degrees of freedom allow us to explore kT
dependence of quarks – access to orbital angular momentum
à Transversity distribution
à Transverse Momentum Distributions (TMDs)

N/q U L T
U f1 h�1
L g1 h�1L

T f�1T g1T h1h�1T
nucleon

quark

U=unpolarized
L=long. polarized
T=trans. polarized

f�1T à Sivers function, describes unpolarized
quark in trans. pol. nucleon

h�1 , h�1L, h�1T à Boer-Mulders functions describe transversely 
polarized quarks in un/long./trans./polarized 
nucleon
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CLAS12: Evolution and kT-dependence of TMDs

• Large acceptance of CLAS12 allows studies of PT and  
Q2-dependence of SSAs in a wide kinematic range

• Comparison of JLab12 data with HERMES, COMPASS 
(and EIC) will pin down transverse momentum 
dependence and  the non-trivial Q2 evolution of TMD 
PDFs in general, and Sivers function in particular.

CLAS12 kinematical coverage

kT-dependence of g1(x, kT ) Q2-dependence of Sivers, f?
1 (x, kT )
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Hall C SIDIS Program – HMS+SHMS

6	GeV	
phase	
space

11	GeV	
phase	
space

E00-108	
(6	GeV)

E12-09-017
Scan	in	(x,z,PT)
+	scan	in	Q2

at	fixed	x

E12-09-002
+	scans	in	z

E12-06-104
L/T	scan	in	(z,PT)
No	scan	in	Q2 at	
fixed	x:	RDIS(Q2)	
known

Charged	pions:

Accurate cross sections 
for validation of SIDIS 
factorization framework 
and for L/T separations

Courtesy R. Ent
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Hall C SIDIS Program – HMS+SHMS+NPS

6	GeV	
phase	
space

E00-108	
(6	GeV)

Charged	pions:

Accurate cross sections 
for validation of SIDIS 
factorization framework 
and for L/T separations

E12-13-007
Neutral	pions:
Scan	in	(x,z,PT)
Overlap	with
E12-09-017	&
E12-09-002
Parasitic 
with E12-13-
010

Calorimeter + sweeper magnet 
adds capability to detect 
neutral particles (g and p0)

à In addition to broadening 
SIDIS program, enables 
DVCS, DVMP (p0), WACS 
measurements

Courtesy R. Ent
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Hall A – SIDIS with Super Big Bite and SOLID

One Typical Bin to show the good statistics   

SoLID-SIDIS
� SIDIS: 4-D (x, pt, Q2, z) probe of nucleon transverse momentum distributions (TMDs)

� SoLID-SIDIS studies TMDs with extensive coverage and resolutions (48 Q-z bins)

> 1400 data points! 
16Zhihong Ye, SoLID-SIDIS

“Near term” – Hall A will use new Super Big Bite Spectrometer (approaching 
completion) with polarized 3He target to access Sivers and Collins 
asymmetries

“Long term” – Solenoid Large Intensity Device (SOLID) will be used to 
measures SIDIS from polarized 3He, and NH3 targets à combines large 
acceptance with high luminosity (1036-1037)
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GPDs provide another handle for 3-D mapping of 
the quark structure of the nucleon.
à JLab 6 GeV began the first stages of a 

program of exclusive reactions to access 
GPDs

à 12 GeV program will allow a comprehensive 
GPD program

Charge density distributions for u-quarks
3D image is obtained by rotation around the z-axis

x = Longitudinal momentum fraction

interference
pattern

Generalized Parton Distributions

GPD program experimental 
requirements
à Need to isolate exclusive 

channel via missing mass 
resolution or recoil detector

à Measure Q2 dependence at 
fixed x, access –t dependence

Deep exclusive channels:
DVCS, vector and pseudo-scalar 
mesons
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DVCS with CLAS12
12 GeV Hall B DVCS program 
builds on 6 GeV program à
expanded Q2 and x range

Max Q2: 4 GeV2 à 6 GeV2

Max x: 0.4 à 0.6

Variety of measurements planned 
with unpolarized, longitudinally 
polarized, and transversely 
polarized targets



13

E12-06-114 DVCS/Hall A Experiment at 11 GeV
100 PAC days approved:
- High impact experiment for nucleon 
3D imaging program
- High precision scaling tests of the 
DVCS cross section at fixed xB

- CEBAF12 allows to explore for the first 
time the high xB region

Experiment to be completed in Hall C with NPS
with those new settings 

50% of the data were 
taken in Hall A

xB=0.36

xB=0.48

xB=0.60

Previous
6 GeV

Amplitude of hel-dep x-sec Analysis status:
• Analysis of DVCS cross sections 

completed for all 9 kinematic settings
(presented at SPIN 2018)

• Publication being drafted, expected to be 
circulated by the end of 2019

• p0 electroproduction results and 
publication will follow soon afterwards
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Hall A DVCS Results

Sample of cross-section results

xB=0.36 xB=0.48 xB=0.60

Helicity-independent 
cross section

Helicity-dependent 
cross section

BH

DVCS2

Twist-2 
Interference

Models
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Hall A-C DVCS Program

27

FIG. 9: Display of different kinematic setting proposed. Different colors correspond to different
beam energies. The top plot shows the proposed settings in Hall C (this experiment), whereas the
bottom plots displays the combined coverage between the Hall A and Hall C programs. Shaded
areas show the resonance region W < 2 GeV and the line Q2 = (2MpEb)xB limits the physical
region for a maximum beam energy Eb = 11 GeV.

HMS + new NPS in Hall C will allow
à Measurement of DVCS cross sections to even larger Q2

à Energy dependence of DVCS cross at fixed x and Q2 - allow 
full deconvolution exclusive photon cross section

In addition – can also access p0 cross sections.
à Rosenbluth separation to access sL and sT separately
σL à access to leading twist GPDs (non-pole backgrounds!)
σT à access to transversity GPD, HT
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Meson Production with CLAS12
Measure cross sections and asymmetries for p0

and h electroproduction
à Vector mesons also accessible
àsT+esL
àsTT, sLT, sLT’

Study Q2 (at low –t ) dependence of all to look for 
evidence of factorization

predictions  (GK

from the upolarized
data (VPK)

polarized data (Kim)

Access Q2 dependence of HT
via double spin asymmetry

-t6 GeV data



17

Exclusive π+ and K+ Production at Large Q2
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FIG. 2: Q2 versus xB phase space available for L-T separations in Hall C at 11 GeV using the SHMS+HMS

combination. We propose to measure the Q2 dependence of the longitudinal cross section at xB=0.311, 0.39 and

xB=0.55, and the xB dependence of the longitudinal cross section at Q2=4.0 GeV2. The kinematic reach is

limited from below by the requirement on W being above the resonance region and from above by the requirement

to maintain a separation of ∆ϵ ∼ 0.24 with the exception of the highest Q2 data point, where ∆ϵ ∼ 0.14 is the

best that can be achieved.

system like the SHMS+HMS combination in Hall C is well suited for such a measurement. The focusing

magnetic spectrometers benefit from small point-to-point uncertainties, which are crucial for meaningful

L-T separations.

A large acceptance device like CLAS12 is well suited for measuring pseudoscalar meson electro-

production over a large range of −t and xB. The large azimuthal coverage allows a good determination

of the interference terms, but the error amplification in the extraction of longitudinal and transverse

components of the cross section is a major constraint. In addition, the rates for the proposed kinematics

would decrease significantly due to the lower luminosity in Hall B. The use of the SHMS and HMS in

Hall C is proposed here as their characteristics best address the experimental requirements. The exist-

ing knowledge of the properties of the HMS is expected to allow for a well understood isolation of the

longitudinal cross section on the order of thirty days.

Figure 2 shows the accessible Q2-xB phase space for this experiment. The proposed kinematics

allow for a scan of the Q2 dependence of the cross section at constant xB while staying above the resonance

region. The Q2 scans at xB=0.311 and xB=0.39 largely repeat the kinematics shown in Figure 1, but also

reach a higher value of Q2, and do so in one designated measurement, and hence with smaller systematic

uncertainties. Since these data points are at relatively low Q2 and x, they do not significantly contribute

to the total beam time request.
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E12-07-105: T. Horn, G. Huber

Access to GPDs requires factorization
à Can be checked using L-T separated cross 
sections for charged pions and kaons

E12-07-105 and E12-09-011 (Hall C)
Deep exclusive π+ and K+ production:
à Look for scaling in long. cross section
à Study reaction mechanism
à Almost no L-T separated kaon data above 

resonance region
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FIG. 2: Q2 versus xB phase space available for L-T separations in Hall C at 11 GeV using the SHMS+HMS

combination. We propose to measure the Q2 dependence of the longitudinal cross section at xB=0.25 and

xB=0.40, and the t dependence of the longitudinal cross section for values of Q2=0.40 to 3.00 GeV2. The

kinematic reach is limited from below by the requirement on W being above the resonance region and from

above by the requirement to maintain a separation of ∆ϵ ∼ 0.20.

x would shed a first light on the interplay of pole and non-pole contributions in strange meson

production.

These data may also shed light on a question raised by our recent p(e, e′π+)n L/T separations

up to Q2 = 2.45 GeV2, W = 2.2 GeV [4]. While the VGL Regge model provides an acceptable

description of the σL data, it has consistently underestimated the magnitude of σT , for which the

model seems to have limited predictive power. Various improvements to the reaction mechanism

in the model have recently been suggested [12]. Unfortunately, separated kaon cross section data

above the resonance region that could help guide this discussion are extremely rare (see Fig. 3(b)).

Our recent analysis of the global uncertainty of exclusive pion and kaon production world data [13]

suggests that the precision and kinematic reach of such a superset is limited for analyzing the

reaction mechanism in the transition from soft to hard scattering and guiding theoretical models.

The difficulty in describing the existing pion data and the lack of suitable kaon data emphasizes

the need for new L/T separation experiments in these kinematics.

II. PROPOSED KINEMATICS

The reasoning and justification for our kinematic settings are explained in detail in our

2009 proposal [1]. Here, we briefly summarize the main points. We propose to make coincidence

measurements between kaons in the SHMS and electrons in the HMS. A high luminosity spectrom-

eter system like the SHMS+HMS combination in Hall C is well suited for such a measurement.

5

E12-09-011: T. Horn, G. Huber, P. Markowitz

Factorization theorem predicts:
sL ~ 1/Q6

sT/sL ~ 1/Q2

Exclusive Kaons

Exclusive Pions

Ran in Hall C Fall 2018-Spring 2019
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Nucleon Elastic Form Factors
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Error bar reflects twice statistical uncertainty

Measurements of nucleon elastic form factors provide still more information with which to test models of quark 
structure of nucleons à “simplest” reaction (?) 
à 12 GeV program will increase reach and precision for proton and neutron form factors

Hall A (HRS) – 2016
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E12-07-109:   Large Acceptance Proton Form Factor Ratio Measurement at      
08 and 12.0 GeV2 Using Recoil Polarization Method 

 

Updated plan slide 13 
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cross sections 
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Proton recoil 
polarization 
using SBS
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The nucleon FFs 
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GMp - E012-07-108 final cross sections

• Cross section relative to 1-γ 
cross section calculated with GE
= GM/μ = Gdipole

• Significant improvement in 
precision for Q2 > 6.

• Systematic uncertainties on Fall 
2016 LHRS data ~1.3% (pt-pt), 
1.5% (norm)

• RHRS (additional 2% from 
optics)

Data taken 2015-2016 in Hall A
à Results from Fall 2016 
shown

Plot courtesy Eric Christy, Hampton University
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GMp and other High Q2 data

GMp12 data at much smaller ε than Sill data
à Less sensitivity to GE in extracting GM
à Lever arm in ε provides sensitivity to:

- 2γ from global fit utilizing GE / GM from polarization transfer
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!  High resolution, large acceptance, hybrid 
HyCal calorimeter (PbWO4  and Pb-Glass)  

!  Windowless H2 gas flow target 
!  Simultaneous detection of elastic and Moller 

electrons 
!  Q2 range of 2x10-4 – 0.06 GeV2  
!  XY – veto counters replaced by GEM detector 
!  Vacuum chamber 

       The PRad Experiment in Hall B at JLab 

1 

Spokespersons: A. Gasparian (contact),  
H. Gao, D. Dutta, M. Khandaker 

Mainz low Q2 data set 
Phys. Rev. C 93, 065207, 2016 

PRad current result supports a smaller radius 

Nilanga Liyanage
Wednesday
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Meson Form Factors: Fπ(Q2)

JLab 12 GeV upgrade + HMS/SHMS will 
allow measurement up to Q2=8.5 GeV2

0
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0 1 2 3 4 5 6 7 8 9 10

Q2 [GeV2]

Q
2 F π

 [G
eV

2 ] Amendolia π+e elastics
Ackermann (DESY)
Brauel (DESY) - Reanalyzed
PionCT
Fπ-1
Fπ-2

Is it possible to apply pQCD at experimentally 
accessible Q2?
à Use pion DA derived using DSE formalism
à DSE-based result consistent with DA 

derived using constraints from lattice

pQCD – DSE PDA

pQCD – asymptotic PDA

� 

Fπ (Q
2)

Q 2→∞
→ 16πα s(Q

2) fπ
2

Q2

Data taken at lowest Q2 as part of 2019 
Hall C running
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Meson Form Factors: Fπ(Q2)

JLab 12 GeV upgrade + HMS/SHMS will 
allow measurement up to Q2=8.5 GeV2
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Is it possible to apply pQCD at experimentally 
accessible Q2?
à Use pion DA derived using DSE formalism
à DSE-based result consistent with DA 

derived using constraints from lattice

pQCD – DSE PDA

pQCD – asymptotic PDA

� 

Fπ (Q
2)

Q 2→∞
→ 16πα s(Q

2) fπ
2

Q2

Data taken at lowest Q2 as part of 2019 
Hall C running

Data taken as part of E12-09-11 (exclusive 
Kaon electroproduction) will allow 
exploration of using electroproduction
technique a la Fp to extract FK
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Inclusive Reactions – Structure Functions and PDFs
Jefferson Lab experiment E12-10-002: H(e,e’) and D(e,e’) cross section measurements
• Constraints for Parton Distribution Functions (CTEQ-JLab)
• Quark-hadron duality studies
• Non-singlet moments of the F2 structure function and comparisons to Lattice calculations
• Modeling of nucleon resonances

Ran in Hall C 2018 à Most data 
taken in new SHMS with cross-
checks in HMS

Large x Structure Functions, Sanghwa Park, Thursday
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Hall C E12-10-002 D/H Ratios

Data analysis ongoing – cross sections will require 
more study of efficiencies and acceptance

à Preliminary D/H ratios have been extracted (not 
yet corrected for charge symmetric backgrounds 

First publication expected within the next 6 months

Fit to Jlab 6 
GeV, SLAC data
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Measurements of F2
n/F2

p à d/u
straight multiples of 2.2 GeV single-pass machine configurations). The required beam time

for the R measurements is 270 hours for the canonical beam current of 25 µA. Assuming an

additional 10% of running with the polarity of the magnets of the spectrometers reversed

(“positron running”, to measure contribution to the electron scattering rate from charge sym-

metric processes in the target), the total beam time for the experiment will be 954 hours.

An additional i) 12 hours will be required for three angle-setting changes and surveys of the

Figure 15: Projected inelastic data (W ≥ 2.0 GeV, except for the highest-x point for which W =

1.75 GeV) for the Fn
2 /F

p
2 structure function ratio from the proposed 3H/3He JLab experiment

with a 11 GeV electron beam. The error bars include point-to-point statistical, experimental and

theoretical uncertainties, and an overall normalization uncertainty added in quadrature. The shaded

band indicates the present uncertainty due mainly to possible binding effects in the deuteron.
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Figure 38: Ratio of d/u quarks versus x⋆ converted from the data points shown in Fig. 37.
The upper and lower curves represent the systematic uncertainties due to the two systematic
error curves as in Fig. 37. The shaded band indicates the present uncertainty in extracting
the d/u ratio from the existing data.

uncertainity for the ratio F d
2 /F p

2 due to the RTPC acceptance will be reduced.
The data we plan to collect will also allow for quark–hadron duality studies in the neutron

resonance region with very good precision. Measurements in the resonance region where
carried out by experiment E03-012 and are being analyzed (see section 6).

Although the neutron resonance structure function and deep inelastic structure function
data and parameterizations will obviously differ from the proton, we believe this is a good
example of the potential quality of the neutron data attainable with BoNuS. This experiment
will extend the Q2 range and add statistics to the existing BoNuS measurement for W < 2
GeV as well as provide a more precise DIS structure function F n

2 to compare to.
Finally, we will also be able to contribute to the world’s data set on elastic neutron form

factors. The expected statistical and systematic errors for each measured Q2 at W = Mn

are listed in Table 1. The systematic errors will be of order 6%. The present data from
E94-017 extend to Q2 = 5 GeV2/c2 with a statistical error of about 0.043 in the highest

62

E12-06-113 – BONUS12

E12-10-103: 3H/3He

CHAPTER 2. MOTIVATION 22

for the hydrogen data. We estimate that we can obtain a 2% error on d/u over a range of
x bins, with the highest having an average x = 0.7, in 90 days of running. The achievable
precision is illustrated in Figure 2.9.

This proposal, 90 days
(follows MRST-2004)

Figure 2.9: Uncertainties in d/u together with error bars corresponding to results from
APV for a hydrogen target.

2.5.2 Induced Nuclear Isospin Violation

The ratio of the structure functions between complex nuclei and deuterium

R
�

EMC
=

4uA(x) + dA(x)

4u(x) + d(x)
(2.11)

where u(d)A is the normalized PDF for quarks in the nucleus, have been observed to
depend on x. For parity violation, the PDFs are weighted di↵erently:

R
�Z

EMC
=

1.16uA(x) + dA(x)

1.16u(x) + d(x)
(2.12)

The quantity that is practical to measure is the super-ratio

RSuper =
A

A

PV

A
D

PV

=
R

�Z

EMC

R
�Z

EMC

(2.13)

E12-10-007: PVDIS

JLAB-12 GeV will allow extraction of d/u 
using a variety of techniques
1. Spectator tagging (BONUS)
2. PVDIS
3. Mirror nuclei 3H/3He

Hall A: PVDIS with 
SOLID

Hall A: Standard HRS 
with 3H target

Hall B: CLAS12 with 
recoil proton detector à
tag low momentum 
neutrons in deuterium
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Tritium Program in Hall A
Large program of experiments made use of a 
tritium target, along with 3He, D, and H to 
explore an exciting, diverse program

à MARATHON (E12-10-103): Measurement of 
the F2n/F2p, d/u Ratios and A=3 EMC Effect 
in Deep Inelastic Scattering off the Tritium 
and Helium Mirror Nuclei

à E12-11-112: Precision measurement of the 
isospin dependence in the 2N and 3N short 
range correlation 

à E12-14-009: Ratio of the electric form factor 
in the mirror nuclei 3He and 3H

à E12-14-011: Proton and Neutron Momentum 
Distributions in A = 3 Asymmetric Nuclei

à E12-17-003: Determining the Unknown 
Lambda-n Interaction by Investigating the 
Lambda-nn Resonance

Tritium target cell:

• Low activity (~ 1 kCi)
• High-pressure sealed cell
• 40K gas
• Beam current < 22.5µA
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MARATHON
MARATHON* experiment ran in Hall A in 2018
à sn/sp (u/d) using 3H and 3He targets à using 
knowledge of difference in nuclear effects for 
3H/3He

E12-10-103: 3H/3He
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Plot courtesy Makis Petratos

*MeAsurement of theFn2/Fp2,d/uRAtios and A=3 EMC Effect in 
DeepInelastic Electron Scattering OfftheTritium and Helium 
MirrOrNuclei
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EMC Effect in 3H and 3He
MARATHON measured EMC Effect for both 3He and 3H
à MARATHON 3He result agrees with 6 GeV measurement in DIS region (W>2 GeV)
à First measurement of EMC Effect in 3H

Plots courtesy Makis Petratos
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Hadrons in Nuclei - EMC Effect and SRCs

L. Weinstein et al,

PRL 106:052301,2011 

A major result for the JLab 6 GeV program was the observed 
linear correlation between size of EMC effect and Short Range 
Correlation “plateau”
àObserving Short Range Correlations requires measurements at 
x>1
à Reaction dynamics very different – DIS vs. QE scattering, why 
the same nuclear dependence?

1H
2H

3He
4He

6,7Li
9Be

10,11B
12C

40Ca
48Ca

Cu

Au

Examine 
isospin 
dependence

A dependence in light nuclei, 
some with significant cluster 
structure

Two 12 GeV Hall C experiments will 
join forces to further explore this 
connection w/more nuclei
àE12-06-105 x>1
àE12-10-008 EMC Effect

Additional 
information from 
3H/3He from Hall A
experiments using 
special tritium target
àE12-10-103 (DIS)
àE12-11-112 (x>1)

C,10B, 11B data taken in Hall C in 2018
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Short Range Correlations in 3H/3He (Inclusive)
2N SRC

3N SRCProbability of finding a correlated nucleon pair can be extracted from
inclusive cross section ratios (A/D) at x>1 à beyond QE peak

E12-11-112 in Hall A made first measurement of relative inclusive SRC ratio in 3H  

� 

2
A
σA

σD

= a2(A)

PreliminaryPreliminary

à Comparison of 3He and 3H can provide information on composition of SRCs

E12-11-112
E12-14-011

Plots courtesy of Shujie Li, U. New Hampshire
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Short Range Correlations in 3H/3He (Exclusive)

38	

Final	results	

R.Cruz-Torres	et	al.	Submiked	for	publica6on.	arXiv:1902.06358	(2019)	

N3LO	
NLO	
N4LO	
N2LO	

R. Cruz-Torres et al, Phys.Lett. B797 (2019) 134890

Missing momentum 
dependence of A(e,e’p) 
at x>1 kinematics

At large missing 
momentum, 3He/3H ratio 
should approach 1 in 
simple np dominance 
picture

à Increase in ratio at 
large Pm could be due 
to unexpected FSI 
effects, NN potential 
issues?

Axel Schmidt, Wednesday
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Reduced Cross Section, ✓nq = 35 ± 5 deg

Paris PWIA

Paris FSI

AV18 PWIA

AV18 FSI

CD-Bonn PWIA

CD-Bonn FSI

This Experiment (Hall C)

Hall A Data

Deuteron Electrodisintegration
à Inclusive/exclusive ratios can 
be used to access relative number 
of SRCs in nucleus, but don’t give 
direct information on short-range 
interaction

à D(e,e’p)n simplest reaction for 
accessing details of high-
momentum (short distance) 
structure 

à FSI’s important – theory can 
guide measurements to 
kinematics where they are small

à Hall C E12-10-003 extends 
measurements up to Pm of 1 GeV

Results not well described by any model above Pm=700 MeV/c

(J. M. Laget)

(M. Sargsian)

(M. Sargsian)

Plot courtesy Carlos Yero
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5 GeV CT Result

Exp: Hall B,  11 GeV

Color Transparency

Exclusive r0 – CLAS12

From fundamental considerations 
(quantum mechanics, relativity, 
nature of the strong interaction) it is 
predicted (Brodsky, Mueller) that 
fast protons scattered from the 
nucleus will have decreased final 
state interactions

Color Transparency is closely 
intertwined with the notion of soft-
hard factorization in exclusive 
processes
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Color Transparency – E12-06-1007

First experiment to run in Hall C after 12 GeV 
Upgrade (2018)

à Preliminary results show no sign of 
transparency up to Q2=14.3 GeV2

JLab Q2 accesses kinematics comparable to 
Brookhaven (p,2p) results which has been 
interpreted as a sign of Color Transparency

Figures courtesy Dipangkar Dutta, Mississippi State U.
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Hall A: 40Ar Spectral Function

H. Dai et al.,PRC 99, 054608 (2019) 

Neutrino experiments rely on detailed 
Monte Carlos to analyze/reconstruct 
event information
à Targets/detectors are almost always 
medium to heavy nuclei
à Knowledge of detailed nuclear 

structure important for controlling 
uncertainties

Next-generation neutrino experiments 
will make use of liquid Argon detectors
– electron scattering data sparse

E12-14-012 made dedicated measurement of electron scattering from Argon to 
access spectral function
à Inclusive cross sections already published



37

Hall D: Experiments with Photon Beam 

e
-

e
-

γ
Tagger stationHall D Experiment

Regular mesons: event reconstruction

Large-acceptance spectrometer                       

2018 data taking

120 B events

B
ea

m
 p

ol
ar

iz
at

io
n 

P≈40
% 

Photon energy

γp → p ηπoπo → p 
6γη¢

f1(1285)/η(1295)

2017 data sample

• Linearly polarized photon beam ~9 GeV
• Experiment GlueX: Search for gluonic

excitations in light meson spectra  (data 

taking in 2017 and 2018)

JLab Spectroscopy Program, Carlos Salgado, Friday
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JLab Hall D GlueX: Near-threshold J/y photoproduction
GlueX Collaboration, A.Ali et al  PRL 123, 072001 (Aug 2019) 

• Probes gluonic field in the nucleon at high x
- measured cross section is larger than expected from two-gluon-exchange models
- agrees	with	theoretical	calculations	with	large	gluonic contribution	to	the	mass	of	the		proton

• Search for LHCb pentaquarks Pc produced	in	the	s-channel:	g p → Pc →	J/y p at Eg ≈	10	GeV
- no evidence found, model-dependent upper limits on Br(Pc	 →	J/yp) of 2-4% at 90%CL

Exclusive reaction gp → J/yp →	e+e-p

γ+p→J/ψ+p    J/ψ→e+e-
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New Physics – JLab 12 GeV Parity Program
Physics Motivations ElectroWeak Physics

The running of Weak-Mixing Angle
SM prediction verified by low energy measurements

PVDIS

NuTeV

! NuTeV: Potential corrections due to Isovector medium corrections and CSV
! p-n CSV and isoscaler CSV; Bentz et. al. PLB693 462 2010 and Flavor

Dependent Shadowing; Brodsky PRD70 (2004) 116003

Rakitha S. Beminiwattha DIS 2015 April 29th , 2015 7/20

JLab User Satellite Meeting @ APS Meeting  April 16 2016

MOLLER

• Special Opportunity with 12 GeV Upgrade to Search for 
New Flavor Diagonal Neutral Currents. 

• With the Higgs mass now known a robust Theory 
Prediction (Purely Leptonic Process) 

• No Technical Showstoppers 
• Unique Discovery Space for New Physics, beyond that of 

a 500 GeV lepton collider 

MOLLER Reach

Anew

Lab Hopes to Implement FY17 Advanced Pre-R&D 

Overarching goal: after this phase all definitions of 
MOLLER experiment are known, including those at 
interface of target, cryogenics, magnet and beam line.

Proposed Fundamental Symmetries MIE

MOLLER FY17 FY18 FY19 FY20

Proposed (M$) 1 
Pre-R&D

5.4 
Construction

12.6 
Construction 

6.2 
Construction

5

We are discussing Fall Director’s Cost, Schedule, Technical Feasibility Review

Rolf Ent Slide

MOLLER: Elastic e-e scattering

SOLID: parity 
violating DIS

Building on JLab 6 GeV parity program
à Dedicated measurements in Hall A will measure Moller 
scattering and PVDIS
à Sensitive to running of weak mixing à new physics at 
TeV scales

Krishna Kumar, Wednesday
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From JLab 12 GeV to EIC
• JLab 12 GeV will provide a plethora 

of information at large x
– Primarily sensitive to valence 

quarks
• EIC will provide unprecedented 

precision at lower x to study sea-
quark, gluon structure of 
nucleons/nuclei
– Overlap with fixed target 

programs
– High luminosity, highly polarized 

beams required for TMD/GPD 3D 
imaging programs 

EIC science program

Bernd Surrow

Luminosity / CME / Kinematic coverage 
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.
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shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
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to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
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detected, while in the latter, an additional
hadron created in the collisions is to be de-
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
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in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.
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uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range
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down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
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�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.
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kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
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In the former, only the scattered electron is
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
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2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly

2

Study structure and 
dynamics of nuclear 
matter in ep and eA
collisions with high 
luminosity and 
versatile range of 
beam energies, beam 
polarizations, and 
beam species.

eA

ep
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The Electron-Ion Collider: Frontier accelerator facility in the U.S.

Bernd Surrow

Luminosity / CME / Kinematic coverage 

Spinning Glue: QCD and Spin
!19

XXVI International Workshop on DIS and Related Subjects - DIS2018 
Kobe, Japan, April 16-20, 2018

Background - The EIC Facility Concepts

arXiv:1212.1701

ep

The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
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High
Luminosity

Versatile range of:
• beam energies
• beam polarizations
• beam species (p → U)

World’s first collider of:
• ep: polarized electrons and 

polarized protons/light ions (d, 3He)
• eA: electrons and nuclei

JLEIC

CEBAF

Proposal by Jefferson Lab

Proposal by Brookhaven National Lab

Highest priority for new construction 
for the U.S. Nuclear Physics program
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Electron-Ion Collider Requirements
EIC nucleon imaging program drives the maximum 
luminosity requirement à 1034 cm-2s-1

à Highly polarized electron/ion beams also required 
(>70%)

à High precision polarimetry, luminosity measurements 
needed to fully leverage statistical power

à ~100% acceptance detectors, preferably at multiple 
interaction points 

JLEIC Detector 
Concept

eRHIC Detector 
Concept

Projected luminosity needs (EIC Whitepaper)

12

EIC luminosity 100 – 1000 times HERA  luminosity:  
• 0.6 fb-1 to 6 fb-1/week of running or
• average luminosity (while running) of 1033 to 1034 cm-2 s-1

6 fb-1/week è 100 fb-1/year 
assuming 107 s in year (running ~1/3 of the 
year or a snowmass year)

EIC luminosity ~710 fb-1

2019 Fall Meeting of the APS Division of Nuclear Physics
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Summary
• JLab 12 GeV program will provide a rich body of data aimed at exploring the quark structure 

of hadrons
• Equipment in Halls A,B, C provide complementary capabilities and information

– CLAS12 (Hall B) à Large phase space in single measurement for exploring multi-
dimensional measurements, azimuthal asymmetries

– HMS+SHMS (Hall C) à Magnetic focusing spectrometers for precision cross sections, L-
T separations, ratios

– HRS+SBS (Hall A) à Measurements requiring high luminosity, large acceptance at 
particular kinematics

• Hall D program focused on exploring meson states with linearly polarized photons 
• Planned future equipment will augment these capabilities

– Neutral particle spectrometer in Hall C à SIDIS and exclusive p0, DVCS, wide-angle 
Compton scattering

– SOLID spectrometer in Hall A à Large acceptance at high luminosity for SIDIS, PVDIS
– MOLLER spectrometer/experiment in Hall A à weak mixing angle

• EIC will provide an unprecedented opportunity to explore nucleon/nuclear structure – highest 
priority for new construction in U.S.
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DVCS in Hall A
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DVCS measurements in Hall A/JLab

FIG. 8: Proposed DVCS kinematics for H(e, e′γ)p measurements in Hall A with 3, 4, and 5 pass beams of CEBAF at 12 GeV.
The diamond shapes trace the approximate acceptance of the HRS in each setting. The boundary of the unphysical region
corresponds to the maximum possible Q2 at a given xB for 11 GeV. This corresponds to 180◦ electron scattering, equivalent
to θq = 0◦. The points at EBeam = 5.75 GeV were obtained in E00-110 and E07-007.

[18] K. Kumericki, D. Mueller, and A. Schafer (2011), 1106.2808.
[19] J. M. Laget, Phys. Lett. B695, 199 (2011), 1004.1949.
[20] M. M. Kaskulov and U. Mosel, J. Phys. Conf. Ser. 295, 012112 (2011), 1101.6042.
[21] M. M. Kaskulov (2011), 1105.1993.
[22] S. V. Goloskokov and P. Kroll (2011), 1106.4897.

6 GeV measurements 
looked at Q2 dependence 

of cross sections and 
asymmetries à test 

factorization

[C. Muñoz Camacho et al., PRL97, 262002 (2006)]

12 GeV experiment greatly increases Q2 range at 
fixed x, and –t
à Initial running in Hall A recently completed!



46

Nuclear Dependence of R=sL/sT

SLAC + 6 GeV JLab data 
provides hints of nuclear 
dependence of R=sL/sT at 
large x 

Measurement in Hall C will 
provide new, high precision 
measurements of RA-RD

E12-14-002: S. Malace et al
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E12-09-017: Transverse Momentum Dependence of 
Semi-Inclusive Pion Production

Experiment goal: Extract information about transverse distribution of up and down 
quarks by measuring PT dependence of p+/p- cross sections and ratios from LH2 
and LD2

Spokespersons: P. Bosted, R. Ent, E. Kinney, H. Mkrtchyan

Pt = pt + z kt + O(kt
2/Q2)

Transverse momentum of pion = convolution of kt of quark 
and pt generated during fragmentation

Ratios of LH2 
p+ yields to:

p+ from LD2

p- from LD2

p- from LH2

p+ from Al

p- from Al

PT=0

Kinematics:
1. x=0.31, Q2=3.1 GeV2

à z=0.9-0.45 at PT=0, PT=0-0.6 at z=0.35
2. x=0.3, Q2=4.1 GeV2

à z=0.9-0.45 at PT=0, PT=0-0.6 at z=0.35
3. x=0.45, Q2=4.5 GeV2

à z=0.9-0.45 at PT=0, PT=0-0.6 at z=0.35

Ran 2018-2019
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E12-09-002: Charge Symmetry Violating Quark 
Distributions via p+/p- in SIDIS

Experiment: Measure Charged pion electroproduction in semi-inclusive DIS off deuterium   

Ratio of p+/p- cross sections sensitive to 
CSV quark distributions

dd-du    where
dd=dp-un and du=up-dn

à extraction relies on the implicit assumption of 
charge symmetry 
à Viable explanation for NuTeV anomaly à
à CS is a necessary condition for many relations between structure 
functions

u(x) 6= d(x)
<latexit sha1_base64="eJYlrcwGqALvFLecU0+nm8+feGA=">AAACDXicbVDLSgMxFM3UV62vUZduglWomzKjgi6LblxWsA9oh5LJZNrQTDImGbEM/QE3/oobF4q4de/OvzHTDqitBwKHc+7h5h4/ZlRpx/myCguLS8srxdXS2vrG5pa9vdNUIpGYNLBgQrZ9pAijnDQ01Yy0Y0lQ5DPS8oeXmd+6I1JRwW/0KCZehPqchhQjbaSefdAVxs7SaTKu3B/BLie38EcMMrFnl52qMwGcJ25OyiBHvWd/dgOBk4hwjRlSquM6sfZSJDXFjIxL3USRGOEh6pOOoRxFRHnp5JoxPDRKAEMhzeMaTtTfiRRFSo0i30xGSA/UrJeJ/3mdRIfnXkp5nGjC8XRRmDCoBcyqgQGVBGs2MgRhSc1fIR4gibA2BZZMCe7syfOkeVx1T6rO9Wm5dpHXUQR7YB9UgAvOQA1cgTpoAAwewBN4Aa/Wo/VsvVnv09GClWd2wR9YH9+BjZvQ</latexit>

In addition, precise cross sections and p+/p- ratios will provide information on SIDIS 
reaction mechanism at JLab energies 

Spokespersons: W. Armstrong, D. Dutta, D. Gaskell, K. Hafidi
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SHMS and HMS in Experimental Hall C

Spectrometer properties

HMS: Electron arm
Nominal capabilities:
dΩ ~ 6 msr, P0= 0.5 – 7 GeV/c
θ0=10.5 to 80 degrees
e ID via calorimeter and gas Cerenkov

SHMS: Pion arm
Nominal capabilities:
dΩ ~ 4 msr, P0= 1 – 11 GeV/c
θ0=5.5 to 40 degrees
π:K:p separation via heavy gas 
Cerenkov and aerogel detectors 

Excellent control of point-to-point 
systematic uncertainties required for 
precise L-T separations
à Ideally suited for focusing 

spectrometers
à One of the drivers for SHMS design

SHMS

HMS
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Semi-inclusive Processes

u

d
u

*γ

π+

(E, p )’ ’

N

e

q

π
h

h

(E, p)

Interest in semi-inclusive processes 
dominated originally by potential use in 
“flavor” tagging
à deconvolution of polarized PDFs
à constraints on unpolarized sea

Transverse degrees of freedom allow us to 
explore kT dependence of quarks – access to 
orbital angular momentum
à Transversity distribution
à Transverse Momentum Distributions 
(TMDs)
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Hall C – Cross Sections in SIDIS

R = sL/sT in SIDIS (ep à e’p+/-X)

s fCross section measurements with magnetic focusing spectrometers 
(HMS/SHMS) will play important role in JLab SIDIS program
à Demonstrate understanding of reaction mechanism, test 

factorization
à Able to carry out precise comparisons of charge states, p+/p-
à Complete f dependence at small PT, access to large PT at fixed f

SHMS/HMS will allow 
precise L-T separations
à Does RDIS = RSIDIS?

Measure PT dependence to 
access kT depedence of 
parton distributions
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Partonic Structure of Nucleons in 3D via SIDIS
quark

nucleon

f�1T à Sivers function, describes unpolarized quark in trans. pol. nucleon

N/q U L T
U f1 h�1
L g1 h�1L

T f�1T g1T h1h�1T

h�1 , h�1L, h�1T à Boer-Mulders functions describe transversely polarized 
quarks in un/long./trans./polarized nucleon

U=unpolarized
L=long. polarized
T=trans. polarized

à Transverse position and 
momentum of partons are 
correlated with the spin of the 
parent hadron and the spin of the 
parton itself
àTransverse position and 
momentum of partons depend on 
flavor
àTransverse position and 
momentum of partons correlated 
with longitudinal momentum

Understanding of the 3D structure of 
nucleon requires studies of spin and flavor 
dependence of quark transverse momentum 
and space distributions
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Exclusive Reactions – Leading Twist GPDs
ρ,π,η

GPD

γ∗

e’

p + p

e

∆p p’ = p + ∆

e’
e

γγ∗

GPD

DVCS:

H,E, H̃, Ẽ

Meson production:

pseudoscalar mesons (p,h):

H̃, Ẽ
vector mesons (r,w):

H,E

Beam-spin asymmetry à

Long. target asymmetry à

Trans. target asymmetry à

H, H̃

E

H

Note: need sL
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In-Medium Structure Functions
Measure structure function of high momentum nucleon in deuterium by 
tagging the spectator
àFinal state interactions cancelled by taking double ratios
àRequires new, large acceptance proton/neutron detector at back angles

d(e,e’p)Spokespersons: O. Hen, L. Weinstein, S. Gilad, S. Wood, H. Hakobyan 

Tagged protons measured in Hall C with LAD E12-11-107, tagged neutrons 
with BAND in Hall B as part of E12-11-003a

EMC effect in polarized structure functions
à CLAS12 using 7Li target
à E12-14-001, W. Brooks and S. Kuhn

For polarized EMC effect, SRCs would play a 
smaller role (I. Cloet)
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FIG. 22. Expected results for both ratios as in Figs. 20 and 21, with point-to-point systematic uncertainties added in quadrature
(total length of error bars) to the statistical ones (horizontal bars). An overall scale uncertainty of about 4% is not shown

TABLE I. Expected point-to-point systematic uncertainties by source. An overall scale uncertainty of about 4% is not included.
Where a range of values is given, it refers to the magnitude of the systematic uncertainty at low vs. high x.

Source Rel. unc. on R1 Rel. unc. on R2

Dilution 2% –

Acceptance – 2%

Polarized background 1%� 3% 1%� 3%

Model uncertainties 1% 1%

Radiative corrections 2% 2%

Total 3.2%� 4% 3.2%� 4%

our measurement will be most sensitive to EMC e↵ects at low to moderate x, including any significant enhancement
at x < 0.2 as predicted by several models or the significant depletion within the QMC model. Vice versa, at the
high-x end, there are also significant di↵erences between the models which should allow us to find the best-matching
one with a significant di↵erence in �2 for our anticipated data. Because of the very high importance of the low- and
high x limits, we have budgeted the amount of requested beam time to ensure that statistical errors are smaller or at
most comparable to systematic ones in these regions.

III. BEAMTIME REQUEST

We request 50 days (1200 hours) of “100% e�cient” beam time, with 15 nA highly polarized (> 0.85), 11 GeV
electron beam on target in Hall B. Assuming close to 80% polarization for the 7Li target, the collected number of
events with this amount of beam time will su�ce to keep the statistical errors comparable to or smaller than the
systematic ones in the important low-x and high-x regions (except for the highest Q2 points where statistical errors
will dominate). With these optimistic (but not unrealistic) assumptions for target and beam performance, 50 days
will su�ce to maximize the discovery potential of the proposed experiment.

We request an additional 5 days of beam time for necessary target maintenance operations, such as additional
cold irradiation, TE measurements, anneals, target (re-)polarization, exchange or replacement of target material, and
including at least one day of running of pure liquid 4He for dilution factor studies. We expect the time required for
commissioning of the experiment with beam to be minimal, assuming it can be scheduled shortly after the approved
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Deep Exclusive π0

E12-13-10: C. Munoz Camacho, T. Horn, C. Hyde, 
R. Paremuzyan, J. Roche

σL à access to leading twist GPDs (non-pole 
backgrounds!)

σT à access to transversity GPD, HT

L-T separation required to see if sT dominates –
if so, can access HT without LT separation over 
wide kinematic range à CLAS12

Neutral particle spectrometer in Hall C will allow 
targeted studies of L/T cross sections

Little existing L-T separated data above 
resonance region

x=0.36, Q2=3-5.5 GeV2

x=0.5, Q2=3.4, 4.8 GeV2

x=0.6, Q2=5.1, 6.0 GeV2


