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1 Introduction

At the time of this writing, the highly anticipated 12 GeV upgrade of the CEBAF
accelerator is nearing completion and its rich physics program is about to commence in
earnest.

The 12 GeV upgrade is accompanied by new detector upgrades that include CLAS12,
SHMS, and an entirely new experimental hall featuring searches for QCD exotic states
(GlueX). Although the currently envisioned program includes both high rate capability
and large acceptance devices, there does not exist a single device capable of handling high
luminosity (1036 � 1039cm�2s�1) over a large acceptance. The capabilities of the 12
GeV upgrade will not have been fully exploited unless a large acceptance high
luminosity device is constructed. The SoLID (Solenoidal Large Intensity Detector)
program is designed to fulfill this need.

SoLID is made possible by developments in both detector technology and simulation
accuracy and detail that were not available in the early stages of the 12 GeV program
planning. The spectrometer is designed with a unique capability of reconfiguration to
optimize capabilities for either Parity-Violating Deep Inelastic Scattering (PVDIS) or
Semi-Inclusive Deep Inelastic Scattering (SIDIS) /threshold production of the J/ meson.
Already four experiments with an “A” rating and one with an “A-” rating have been
approved for SoLID by the Je↵erson Lab Program Advisory Committee. Figure 1 shows
the two SoLID configurations for these experiments. The collaboration has grown to
include more than 200 collaborators at over 50 institutions from 11 nations. A conceptual
design of SoLID base equipment has been fully developed and has gone through numerous
internal discussions and informal reviews in the last few years. The current status can be
found in the SoLID pCDR [1] document.

In the sections that follow, we detail the rich physics program that can only be realized
by the construction of SoLID at Je↵erson Lab followed by an overview of the SoLID
instrumentation and its current status.
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Figure 1: Left panel: SoLID apparatus for the SIDIS and the J/Psi program. Right panel:
SoLID apparatus for the PVDIS program.
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SoLID Science Program 
 
•  Proton SPIN: Where is the missing spin in the nucleon? 
 Role of quark transverse momentum and their orbital 
angular momentum? 

•  Proton’s MASS through threshold production of J/Ψ: Can we 
understand fully the gluon’s role origin of the mass?  

 
•  Can we discover evidence for physics 
 beyond the Standard Model with high intensity electron 
beam of the CEBAF? 

•  Not covered today: Large acceptance detector with 
capability for high luminosity also makes possible many 
other investigations:  such as Polarized/EMC effect, PVDIS 
D/DVCS, Polarized PDF, Charge Symmetry Violation p/n…. 
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SoLID In Hall-A 
Solenoidcal Large Intensity Device 
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SoLID In Hall-A 
Solenoidcal Large Intensity Device 

•  Large acceptance  
•  Full azimuthal coverage  

• High luminosity (1037-39 cm-2sec-1)  
•  Latest detector technology in detector & data acquisition 

• World wide interest in the science at SoLID evidenced by: 
•  250+ collaborators, 50 institutions and 13 countries 
•  Significant international contributions and commitment 
•  Strong theoretical interest and support 

•  500+ days of science already been reviwed and approved 
by the JLab Physics Advisory Committee (PAC) 
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Evidence of transverse momenta of 
quarks in polarized proton: 

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

36

Sidebar 2.6: Nucleon Spin: So Simple and Yet So Complex
The simple fact that the proton carries spin 1/2, 

measured in units of Planck’s famous constant, is 

exploited daily in thousands of magnetic resonance 

imaging images worldwide. Because the proton is a 

composite system, its spin is generated from its quark 

and gluon constituents. Physicists’ evolving appreciation 

of how the spin might be generated, and of how much 

we have yet to understand about it, is an illustrative 

case study of how seemingly simple properties of visible 

matter emerge from complex QCD interactions.

Quarks are also spin 1/2 particles, and at any given 

moment an individual quark may spin in the same or 

the opposite direction of its proton host, respectively, 

making a positive or negative contribution to the total 

proton spin. Physicists originally expected the sum of 

quark spins to account for most of the proton’s spin 

but were quite surprised when experiments at CERN 

and other laboratories showed that the spins of all 

quarks and antiquarks combine to account for no more 

than about 30% of the total. This result has led nuclear 

scientists to address the more daunting challenges 

involved in measuring the other possible contributions to 

the spin illustrated in Figure 1. The gluons also have an 

intrinsic spin (1 unit) and might be “polarized” (i.e., might 

have a preferential orientation of their spins along or 

opposite the proton spin). And just as the earth orbits 

around the sun while simultaneously spinning about its 

own axis, the quarks and gluons in a proton could have 

orbital motion that would also contribute to the overall 

proton spin.

Figure 1: A schematic view of the proton and its potential spin contributions.

So how much of the spin comes from the spin of gluons? 

The first important constraints have come from recent 

measurements at RHIC, which provides the world’s 

first and only polarized proton collider capability at 

high energy. There, the STAR and PHENIX experiments 

have used the polarized quarks in one proton as a 

scattering probe to reveal that the gluons in the other 

proton are indeed polarized. Just as critical has been the 

development of the theoretical framework to integrate 

the RHIC measurements into a global QCD analysis to 

constrain both quark and gluon spin preferences. Results 

of those analyses are shown in Figure 2.

The protons at RHIC move at nearly the speed of light, 

and each quark and gluon inside carries a fraction x 

of the proton’s overall momentum. The widths of the 

colored bands in Figure 2 illustrate the uncertainties in 

the summed spin of all gluons that carry more than a 

fraction x
min

 of the proton’s momentum, with the value of 

x
min

 indicated on the horizontal axis. For each dataset, 

the uncertainties grow significantly at low x
min

 as the 

contributions have not been directly measured there.

In a significant breakthrough, the RHIC results to date 

(light blue band in Figure 2) indicate that the gluon spins 

do indeed have a non-negligible orientation preference 

for x above 5%. But they tell us very little about whether 

the much more abundant lower-momentum gluons may 

reinforce or counterbalance this preference. This leaves 

a large uncertainty in the total gluon spin contribution, 

indicated at the left edge of the plot, which can be 

reduced by analysis of anticipated RHIC polarized 

proton data (the darker blue band). However, this still 

would leave the overall uncertainty at a level that 

remains larger than the entire proton spin itself. Only 

an EIC (yellow band) can uniquely settle how much of 

the overall spin is contributed by the spins of quarks, 

antiquarks, and gluons combined.

0.17(0.05)    0.2(0.5)             ???              ??? 

From Polarized DIS  
and 

Polarized RHIC 
Experiments 

Transvers Single Spin Asymmetry in π+/- productionè p+p scattering 

√s=4.9 GeV √s=6.9 GeV √s=19.4 GeV √s=62.4 GeV 
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Unified view of the Nucleon Structure 
6 

5D 

3D 

1D 

q Wigner distributions 
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Unified view of the Nucleon Structure 
8 

q (2+1)D imaging Quarks (SOLID@JLAB12) , Gluons (EIC) 
²  TMDs – confined motion in a nucleon (semi-inclusive DIS)  
²  GPDs – Spatial imaging of quarks and gluons (exclusive DIS & diffraction)   
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Possible Origins of TMDs 
(Leading twist Transverse Momentum Diistributions) 
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q Naturally, two scales: 
²  high Q – localized probe 

To “see” quarks and gluons  

²  Low pT – sensitive to confining scale 
To “see” their confined motion 

²  Theory – QCD TMD factorization 

SIDIS è Ideal for measuring Transverse 
Momentum Distribution (TMDs) 

q Naturally, two planes: 
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q Experimental Issue: High Luminosity, Large Acceptance & particle ID  



Current Status of TMD Extraction 
Theoretical extraction based on limited data sets in e-p/n, e-e, and p-p measurements Present Status On TMD Extractions 

Sivers Transversity Pretzelosity 

Anselmino et al, EPJA39, 
89 (2009) 

Anselmino et al, PRD92, 
114023 (2015) 

Lefky et al, PRD91, 
034010 (2015) 

Collins fragmentation 
Anselmino et al, PRD92, 

114023 (2015) 
                         PRD93, 

034025 (2016) 
16!
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SoLID Impact: Luminosity & Precision 
(Selected examples….)  Impact Plots: Grey Band is Current 95% CL vs with SoliD 

Projected Data (E12-10-006) 

•  Total 1400 bins in x, Q2, PT and z for 11/8.8 GeV beam. 
•  z ranges from 0.3 ~ 0.7, only one z and Q2 bin of 11/8.8 GeV is shown here.   

  π+ projections are shown, similar to the π- . 
 

X. Qian et al in PRL 107, 072003 19

E12-10-006 Spokespersons: Chen, Gao (contact), Jiang, Qian and Peng

E12-10-006: e-transverse (3He), Chen  
et al  

Monday, September 12, 16 SoLID experiment at JLab 12 



SoLID Impact: Luminosity & Precision 
(Selected examples….)  Impact Plots: Grey Band is Current 95% CL vs with SoliD 

Projected Data (E12-10-006) 

•  Total 1400 bins in x, Q2, PT and z for 11/8.8 GeV beam. 
•  z ranges from 0.3 ~ 0.7, only one z and Q2 bin of 11/8.8 GeV is shown here.   

  π+ projections are shown, similar to the π- . 
 

X. Qian et al in PRL 107, 072003 19

E12-10-006 Spokespersons: Chen, Gao (contact), Jiang, Qian and Peng

E12-10-006: e-transverse (3He), Chen  
et al  

SoLID Impact on Sivers 

95% C.L. 
Gray: parametrization by M. Anselmino et al., EPJ A 39, 89 (2009). 
Red: SoLID projection with transversely polarized neutron/proton data. 

Q2=2.4 GeV2 

Q2=2.4 GeV2 

Sivers Distribution for u quarks,: 

Anselmino et al. 
EPJ A39 89 (2009) 
Evidence of OAM 
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Evidence of OAM 

Q2=2.41 GeV2 Q2=2.41 GeV2 

SoLID Impact on Transversity 

parametrization by M. Anselmino et al., PR D 87, 094019 (2013). 

SoLID projection with transversely polarized neutron and proton data. 

95% C.L. 

Transversity  Distribution for u quarks,: 

Anselmino et al. 
PRD87 094019 (2013) 
Moment: Tensor Ch. 
 è Together with d-
quark: Sensitive to 
neutron EDM 
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SoLID Impact on Pretzelosity 

parametrization by C. Lefky et al., PR D 91, 034010 (2015). 
SoLID projection with transversely polarized neutron and proton data. 

95% C.L. 

OAM: Lefky et al. (2015) 

SoLID projection 

Pretzelosity  Distribution for d quarks, 
C. Leftky et al. PRD 91 (034010) 2015 

Direct model dep. calculation 
of  quark OAM 
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Spin Physics with SoLID Experiment’s  
Large Acceptance  and High Luminosity allows:

�
à 4-D mapping of asymmetries �
à Tensor charge, TMDs …

à  Direct comparison with Lattice QCD, QCD 
Dynamics & Models
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Understanding Glue interactions in non-
perturbative QCD 
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Understanding Glue interactions in non-
perturbative QCD 

HQCD = Hq +Hm +Hg +Ha

Hq = Quark Energy =

Z
d3x ⇤(�iD · ↵) 

Hm = Quark Mass =

Z
d3x m 

Hg = Gluon Energy =

Z
d3x

1

2
(E2 +B2)

Ha = Trace Anomaly =

Z
d3x

9↵

16⇡
(E2 �B2)

SoLID-J/y: Study Non-Perturbative Gluons 

Quark 
Energy 

Trace 
Anomaly Gluon 

Energy 

Quark 
Mass 

50 days @  
1037 N/cm2/s 

* /N N JJ y� o �

J/ψ: ideal probe of non-perturbative gluon 
 

The high luminosity & large acceptance capability of SoLID enables a unique “precision” 
measurement near threshold 
 

• Shed light on the low energy J/ψ-nucleon interaction (color Van der Waals force) 
•    Shed light on the ‘conformal anomaly’ an important piece in the proton mass budget: 
 Models relate J/ψ enhancement to trace anomaly  

G GDEJ J
DE

X. Ji  PRL 74 1071 (1995) 

Presentation by Z. Zhao 
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The high luminosity & large acceptance capability of SoLID enables a unique “precision” 
measurement near threshold 
 

• Shed light on the low energy J/ψ-nucleon interaction (color Van der Waals force) 
•    Shed light on the ‘conformal anomaly’ an important piece in the proton mass budget: 
 Models relate J/ψ enhancement to trace anomaly  

G GDEJ J
DE

X. Ji  PRL 74 1071 (1995) 

Presentation by Z. Zhao 

There are models that relate the trace anomaly to the J/Ψ production near 
threshold (D. Kharzeev,  EPJ C9 459 (1999), Int. Sch. Phys. Fermi 130, 105 (1996)) 

 
Past: Lack of statistics in the accessible phase space (near threshold). The 
12GeV CEBAF provides two new possibilities: 
•  Electro-production of J/Ψ in SOLID 
•  Photoproduction of J/Ψ from Hall-D Gluex experiment 
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Lack of knowledge of threshold behavior: 
Models-I:  Hard scattering 
mechanism (Brodsky, Chudakov, Hoyer, 
Laget 2001) 
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Models -II: Partonic soft mechanism  
(Frankfurt and Strikman 2002) 
2-gluon Form Factor 

?

PRD66, 031502 (2002) 

F.F. / (1� t/1.0 GeV2)�4

? 
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Threshold J/Ψ production @ SoLID 
e p → e′ p′ J/ψ(e- e+) 
γ* p → p′ J/ψ(e- e+)  

* /N N Jγ ψ+ → +

7 

SoLID in Hall-A, E12-12-006 

S. Stepanyan, The proton mass 
Workshop at Temple 

Primary detection channels:  
•  4-fold coincidence, which consists of detecting the scattered electron, 

the recoil proton, and the (e+e−) from J/ψ decay  
•  3-fold coincidence, without proton detection. 

Real part è total cross section 
Imaginary part @ low energies  
è conformal (trace) anomaly 
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SoLID’s Projections: Precise σ and dσ/dt  

SoLID 11 GeV 3 µA e- on LH2 50 days è 1.2 x 10 37 cm-2sec-1 
Ample statistical sample in the region most crucial to this study  

Potentially very important contribution to the knowledge of the 
conformal anomaly can be measured directly with SoLID. 
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Parity violating Deep Inelastic Scattering Parity Violating DIS

Sensitive to di↵erent e↵ective charge couplings in PDFs...
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SoLID proposed Setup for PVDIS: 
PVDIS Measurements - SoLID Proposed Setup

Solenoidal Large Intensity Device - 12 GeV Hall A at JLab
More than 200 collaborators at over 60 institutions

SoLID provides large acceptance

2 < p < 8 GeV

2 < Q

2 < 10 GeV2

0.2 < xbj < 1

Acceptance ⇠ 40%

Lumin ⇠ 5⇥ 1038 Hz/cm2

Parity-violation requires lots of statistics - need high rate
Want to cover broad kinematic range - need large acceptance
High impact $ ⇠50M project, 2020+ in the future
Program also includes SIDIS, J/ at threshold, TCS, SSA,
possible w/ EMC PVDIS, DDVCS, PV polarized PDFs...

Seamus Riordan — ECT* BSM 2016 PV SoLID 8/1

SoLID Provides Large acceptance: 
v 2 < p < 8 GeV 
v 2 < Q2 < 8 GeV2 

v 0.2 < XBj < 1 
v Acceptance 40% geometric 
v Luminosity: 5 x 1038 sec-1 cm-2 

Parity violation measurements need  
u Lots of statistics i.e. good to have high rate 
u Broad kinematic range: largest possible acceptance  
u A beam and detector that can accept the high rate with 

good systematic controls 
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SoLID rate and kinematic acceptance 

Approved Measurement

Approved at PAC 37 (2011) for 169 days (requested 338)

LD2, 120 days:

120 days on LD2 (60 at 11 GeV, 60 at 6.6 GeV)
Sub-1% precision - need polarimetry advances
Also, 90 days on LH2 11 GeV

Seamus Riordan — ECT* BSM 2016 PV SoLID 9/1

120 Days of LD2 target (60 at 11 GeV and 60 at 6.6 GeV)  
90 days with LH2 11 GeV      

Sub 1% precision (modulo polarimetry advances) 
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Precise determination of weak couplings 
Quark PDFs q(x) cancel at large x 

Parity Violating DIS - 6 GeV JLab

Deuterium powerful, since q(x) cancel for large x
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D
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C1ueu[u(x) + d(x)] + C1ded [u(x) + d(x)]
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2
u

[u(x) + d(x)] + e
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d

[u(x) + d(x)]

LD2 data taken in 2010 at
Q

2 ⇠ 1,2 GeV2 at ⇠ 4% level

Corresponds to new physics in
⇠ 5� 6 TeV range at 95% CL

Je↵erson Lab PVDIS Collaboration,
Nature 506, 67-70 (2014)
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PVDIS Collaboration (w/ 6 GeV) 
Nature, 506, 67-70 (2014) 
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PVDIS Collaboration (w/ 6 GeV) 
Nature, 506, 67-70 (2014) 

PVDIS Physics - Precision
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SoLID Projection 
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PVDIS Collaboration (w/ 6 GeV) 
Nature, 506, 67-70 (2014) 

PVDIS Physics - Precision
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Precision measurement of Sin2ΘW 
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Summary 
SoLID Apparatus with 12 GeV CEBAF an ideal detector for physics 
with high statistics, and large acceptance, with azimuthal symmetry, 
and excellent particle ID: 

Ø Precision studies of transeverse momentum distributions of quarks, 
threshold production of J/Y è non-perturbative gluon dynamics, 
precision parity violating DIS measurements è access of physics 
beyond the SM complementary to high energy colliders 

Ø Many other studies not covered today: Charge Symmetry Violation, 
D/DVCS, SIDIS possible, but not covered today 

Ø Status:  
Ø  Successful Director’s review in February 2015 
Ø  Pre-R&D requests being prepared now.  
Ø  Expected to be considered for CD0 (2017/18) 
Ø  FY2020 CD3 (Construction)  
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1 Introduction

At the time of this writing, the highly anticipated 12 GeV upgrade of the CEBAF
accelerator is nearing completion and its rich physics program is about to commence in
earnest.

The 12 GeV upgrade is accompanied by new detector upgrades that include CLAS12,
SHMS, and an entirely new experimental hall featuring searches for QCD exotic states
(GlueX). Although the currently envisioned program includes both high rate capability
and large acceptance devices, there does not exist a single device capable of handling high
luminosity (1036 � 1039cm�2s�1) over a large acceptance. The capabilities of the 12
GeV upgrade will not have been fully exploited unless a large acceptance high
luminosity device is constructed. The SoLID (Solenoidal Large Intensity Detector)
program is designed to fulfill this need.

SoLID is made possible by developments in both detector technology and simulation
accuracy and detail that were not available in the early stages of the 12 GeV program
planning. The spectrometer is designed with a unique capability of reconfiguration to
optimize capabilities for either Parity-Violating Deep Inelastic Scattering (PVDIS) or
Semi-Inclusive Deep Inelastic Scattering (SIDIS) /threshold production of the J/ meson.
Already four experiments with an “A” rating and one with an “A-” rating have been
approved for SoLID by the Je↵erson Lab Program Advisory Committee. Figure 1 shows
the two SoLID configurations for these experiments. The collaboration has grown to
include more than 200 collaborators at over 50 institutions from 11 nations. A conceptual
design of SoLID base equipment has been fully developed and has gone through numerous
internal discussions and informal reviews in the last few years. The current status can be
found in the SoLID pCDR [1] document.

In the sections that follow, we detail the rich physics program that can only be realized
by the construction of SoLID at Je↵erson Lab followed by an overview of the SoLID
instrumentation and its current status.

EM Calorimeter 
(large angle) 

EM Calorimeter 
(forward angle) 

Target 

GEM 

Light Gas 
Cherenkov 

Heavy Gas 
Cherenkov 

 Coil and Yoke 

Scint 

Collimator 

SoLID (SIDIS & J/ψ) 

Collimator 

Hadron 

electron 

1 m 

MRPC 

Scint 

Beamline 

EM Calorimeter 
(forward angle) 

GEM 

Cherenkov 

Baffle 

Target 

 Coil and Yoke 

GEM 

electron 

SoLID (PVDIS) 

Beamline 

1 m 

Figure 1: Left panel: SoLID apparatus for the SIDIS and the J/Psi program. Right panel:
SoLID apparatus for the PVDIS program.
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J. Qiu 
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Access	Trace	Anomaly	Experimentally	

J/ψ-N scattering 

J/ψ production on 
N 

D. Kharzeev et al  Eur.Phys.J. C9 459 (1999), D. Kharzeev, Proc. Int. Sch. Phys. Fermi 130, 105 (1996) 

scalar charge 

quark momentum fraction 
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CEBAF Upgrade 

“With the imminent completion of 
the CEBAF 12-GeV Upgrade, its 
forefront program of using electrons 
to unfold the quark and gluon 
structure of hadrons and nuclei and 
to probe the Standard Model must 
be realized” 

TPC = $338M 
ETC = ~$8M 

Project Scope (~98% complete):  
•  Doubling the accelerator beam energy - DONE 
•  New experimental Hall D and beam line - DONE 
•  Civil construction including utilities -  DONE 
•  Upgrades to Experimental Halls B & C -  ~96% 

o  Halls B & C Detectors – DONE  
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