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Jefferson Lab 
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Continuous Electron Beam 
Accelerator Facility (CEBAF)

§ A superconducting electron machine based on 
two Linacs in racetrack configuration

§ Simultaneous distribution to 4 experimental Halls
§ Beam energy up to 11 & 12 GeV
§ Beam current IB = 100 pA – 100 μA
§ Electron beam polarization > 85%
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The 12 GeV upgrade 
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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 

Completion of the  
12 GeV CEBAF Upgrade 
was ranked the highest 

priority in the 2007   
NSAC Long Range Plan. 

Upgrade is designed to build on existing facility: vast 
majority of accelerator and experimental equipment 
have continued use. 

Maintain capability to deliver lower pass 
beam energies: 2.2, 4.4, 6.6…. 

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%  

TPC = $338M 
ETC = ~$8M 
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12 GeV scientific capabilities 
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Hall D – exploring origin of confinement 
by studying exotic mesons 

Hall B – understanding nucleon structure via 
generalized parton distributions 

Hall C – precision determination of valence 
quark properties in nucleons/nuclei  

Hall A – form factors, future new 
experiments (e.g., SoLID and MOLLER) 
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The CLAS12  
Science Program 

Outline 

 Overview   
     Gluonic hadrons        
           Nucleon structure      
                Nucleon tomography 
                     Summary 
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CLAS12 technical scope 
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Forward Detector:
- TORUS magnet

-  HT Cherenkov Counter

-  Drift chamber system

-  LT Cherenkov Counter

-  Forward ToF System

-  Preshower calorimeter 

-  E.M. calorimeter (EC)

Central Detector:
-  SOLENOID magnet 

-  Barrel Silicon Tracker

-  Central Time-of-Flight

Proposed upgrades:
-  Micromegas (CD)

-  Neutron detector (CD)

-  RICH detector (FD)

-  Forward Tagger (FD)
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The CLAS12 science program 
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§  The 3D structure of the nucleon – from 
form factors and PDFs to GPDs and TMDs 

 
 
§  The strong interaction in nuclei – evolution 

of quark hadronization, nuclear transparency 
of hadrons 

 
§   Quark confinement and the role of the glue 

in meson and baryon spectroscopy 
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Understanding the meson spectrum  

8 

Predictions of the light quark meson 
spectrum now available from lattice QCD 
 
Spectrum includes meson state with large 
gluonic content (hybrids) with both regular 
and exotic quantum numbers 
 
Experimental signature: a multiplet of gluonic 
mesons with exotic JPC, i.e. non quark-
antiquark 
 
Searches with hadron beams are underway 
at COMPASS. Dedicated searches witih 
photon beams are beginning at JLab with 
GlueX 
 
In Hall B, CLAS12 will be used in quasi-real 
photo-production to search for hybrid 
meson states 

Meson Spectrum in LQCD 

Dudek, Edwards, Guo and Thomas, 
PRD 88, 094505 (2013) 
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Quasi-real photon Forward Tagger 
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Forward Tagger
E’ 0.5-4.5 GeV

ν 7-10.5 GeV

θ 2.5-4.5 deg

Q2 0.007 – 0.3 GeV2

W 3.6-4.5 GeV

Photon Flux 5 x 107 γ/s @ Le=1035

e- 

γ* 

p 

e- 

CLAS12 
Forward 
Tagger 

Tracker FEE

Calorimeter

Tracker

Scintillation 
Hodoscope

CAD implementation

Quasi-real photoproduction on 
proton target:
•  Detection of multiparticle final state from meson decay 

in the large acceptance spectrometer CLAS12
•  Detection of the scattered electron for the tagging of 

the quasi-real photon in the novel Forward Tagger
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Quasi-real photon Forward Tagger 
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e- 

γ* 

p 

e- 

CLAS12 
Forward 
Tagger 

Tracker FEE

Calorimeter

Tracker

Scintillation 
Hodoscope

CAD implementation

Quasi-real photoproduction on 
proton target:
•  Detection of multiparticle final state from meson decay 

in the large acceptance spectrometer CLAS12
•  Detection of the scattered electron for the tagging of 

the quasi-real photon in the novel Forward Tagger

Detector Layout
§   calorimeter to determine the electron 

energy with few % accuracy                
→ homogenous PbWO4 crystals 

§   tracker to determine precisely the 
electron scattering plane and the 
photon polarization → micromegas

§   veto to distinguish photons from 
electrons  → scintillator tiles with 
WLS fiber readout
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Search for exotic mesons 
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a2→ρπ D-wave a1→ρπ S-wave a1→ρπ S-wave

π2→ρπ P-wave π2→ρπ F-wave π2→f2π S-wave

π2→f2π D-wave π1→ρπ P-wave 3π all wave
Events generated in specific 
partial waves, tracked through 
detector system and 
reconstructed, retain their 
initial partial wave contents…  

e- 

γ* 

p 

e- 

CLAS12 
Forward 
Tagger 
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1.3GeV

N

LQCD 

clustered
in mass

 ‘hybrid’ states

Search for gluonic baryons 
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J.J. Dudek and R.G. Edwards,  
PRD 85 (2012) 054016 

q3G baryons have same JP values as q3 baryons, but are 
more extended objects 

Measurement of the Q2 dependence of transition form 
factors can allow us to distinguish between “ordinary” 
and “hybrid” states

New proposal to search for 
hybrid baryons with CLAS12 

submitted to JLab PAC
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3D mapping of the nucleon 
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Transverse Spatial Imaging  Transverse Momentum Imaging 

GPDs: Longitudinal 
momentum fraction x at 
transverse location b  

TMDs: Longitudinal 
momentum fraction x and 
transverse momentum k  

Q2 

t 

ξ+x ξ−x

Bjxx ≠
Bjx~ξ

e 
e’ 

g* 

P 
X 

h 

}
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Kinematic coverage 
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H1, ZEUS 

11 GeV 

H1, ZEUS 

20
0 

G
eV

 

Study of high xB domain  
requires high luminosity  

0.7 

HERMES 

COMPASS 

The 12 GeV Upgrade is 
well matched to  studies in 
the valence quark regime.  
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The neutron structure and d/u 
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 >70MeV/c 

BONUS Detector 

F2
n/F2

p ratio by tagging almost unbound neutrons using detection of low 
momentum protons in a radial TPC   

e-D→e-psX 

n 

ps  

p e- 

e- 

n 
Δ 

N(1520) 
N(1680) 

5 Tesla 
mag. field 

E12-06-113: S. Bueltman et al. 
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The neutron structure and d/u 
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 >70MeV/c 

BONUS Detector 

F2
n/F2

p ratio by tagging almost unbound neutrons using detection of low 
momentum protons in a radial TPC.   

e-D→e-psX 

n 

ps  

p e- 

e- 

5 Tesla 
mag. field 

  First model-independent measurement of F2
n/F2

p      

E12-06-113: S. Bueltman et al. 
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Projected results for d(x)/u(x) for 12 GeV experiment 

The neutron structure and d/u 
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 >70MeV/c 

BONUS Detector 

F2
n/F2

p ratio by tagging almost unbound neutrons using detection of low 
momentum protons in a radial TPC.   

e-D→e-psX 

n 

ps  

p e- 

e- 

n 
Δ 

N(1520) 
N(1680) 

5 Tesla 
mag. field 

Projected Projected dd  //uu Accuracy Accuracy

!! Data taking of 35 days on DData taking of 35 days on D22
and 5 days on Hand 5 days on H22

with with LL = 2 = 2  !!  1010  3434 cm cm-2-2 sec sec-1-1

!! Open squares represent dataOpen squares represent data
points for points for WW *> 1.8 GeV *> 1.8 GeV

Stephen BStephen Büültmann - ODU                        ltmann - ODU                                                                                                                BoNuS12BoNuS12, JLab PAC 36, August 2010, JLab PAC 36, August 2010

Structure Function Ratio  Structure Function Ratio  FF22
n n //  FF22

pp

Structure function ratio Structure function ratio FF22  
n n 

  / F/ F22
pp is related to valence quark ratio  is related to valence quark ratio d/ud/u

Extraction of Extraction of FF22
n n / F/ F22

p p   from the samefrom the same
data set results at large data set results at large x  x  in strongin strong
dependence on nuclear correctionsdependence on nuclear corrections
(Fermi motion, nucleon off-shell(Fermi motion, nucleon off-shell
corrections, FSI, corrections, FSI, ……))

FF22
n          n            1 + 41 + 4 d d  /u/u

FF22
p          p            4 +4 +  d  d  /u/u
""

at leading order (and higher ordersat leading order (and higher orders
in DIS scheme) and for in DIS scheme) and for xx    > 0.4> 0.4

dd                              44 F F22
nn  / F/ F22

p p   - 1- 1

uu                                  4 -4 - F F22
nn  / F/ F22

pp
""!!

Stephen BStephen Büültmann - ODU                        ltmann - ODU                                                                                                                BoNuS12BoNuS12, JLab PAC 36, August 2010, JLab PAC 36, August 2010

E12-06-113: S. Bueltman et al. 
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Polarized PDFs at 12 GeV 
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Precise information on A1(x,Q2) with flavor tag reduced 
uncertainties in quark helicity distributions 

Q2 dependence and evolution provides access to ΔG(x) 

E12-06-109: S. Kuhn et al. E12-09-007: K. Hafidi et al. 

Improved PDFs from NLO analyses 
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DVCS: a path toward extracting GPDs 
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DVCS BH 

ξ = xB/(2-xB)  

k = t/4M2  

ΔσLU ~ sinφIm{F1H + ξ (F1+F2)H +ξF2E}dφ 
~ 

Polarized beam, unpolarized target: 

Unpolarized beam, longitudinal target: 

ΔσUL ~ sinφIm{F1H+ξ (F1+F2)(H +ξ/(1+ξ) E) -…}dφ ~ 

Unpolarized beam, transverse target: 

ΔσUT ~ cosφIm{k(F2H – F1E) + …}dφ 

H 

H 
~ 

H, E 
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ALU projections on proton at 12 GeV 
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ALU 

ep ➝ epγ	  

E12-06-119: F. Sabatié et al.  

ΔσLU ~ sinφIm{F1H + ξ (F1+F2)H +ξF2E}dφ 
~ 
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ALU projections on proton at 12 GeV 
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ep ➝ epγ	  ΔσLU ~ sinφIm{F1H + ξ (F1+F2)H +ξF2E}dφ 
~ 

Ee=11GeV 

, GeV2 

si
nφ
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AUL projections on proton at 12 GeV 
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ep ➝ epγ	  
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L = 1x1035 cm-2s-1 

T = 2000 hrs 
ΔQ2 = 1GeV2 

Δx = 0.05 

Dynamically 
polarized      
NH3, ND3 
target 

 E12-06-119 

AUL 

ΔσUL ~ sinφIm{F1H+ξ (F1+F2)(H +ξ/(1+ξ) E) -…}dφ ~ 
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AUT projections on proton at 12 GeV 
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AUT and ALT are sensitive to the u and d-quark contributions to the proton spin 

4.4 Projected results

The measurements with transversely polarized target offer a variety of observables
sensitive to different combinations of GPDs. The wide phase space coverage of CLAS
will allow us to bin observables in different bins for relevant kinematical variable, so
shown below are few projections for representative measurements. The corresponding
projections for CLAS data set based on 80 days of HD data taking are shown in
Fig. 13 and Fig. 14, respectively, and for few different values of the total quark
angular momenta Ju, Jd.

neutron x=0.25,Q2=2.0

-0.4
-0.3
-0.2
-0.1

-0
0.1
0.2
0.3
0.4
0.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Ju   Jd

-0.6 -0.6

Ju   Jd

-0.6 0

Ju   Jd

-0.6 0.6

Ju   Jd

0 -0.6

Ju   Jd

0 0

Ju   Jd

0 0.6

Ju   Jd

0.6 -0.6

Ju   Jd

0.6 0

Ju   Jd

0.6 0.6

HERMES

t

A
U

T

Figure 13: Expected DVCS TTSA amplitudes Asin (φ−φS) cosφ
UT as a function of t, as

predicted by the dual parametrization for GPDs H and E [26] (H̃ = Ẽ = 0). The
projected statistical error for 80 days with hydrogen polarization 75% is shown. The
solid line (extending to t=1.3) on the left plot corresponds to the case E=0. The
systematic error is expected to not exceed the statistical one.

The variation of the asymmetries (TTSA and TDSA) as a function of the relevant
kinematic variables according to different models of GPDs [24] are shown in the
following figures:

• Figure 15 shows the φ dependence of the target SSA.

• Figure 16 shows the t dependence of the double spin asymmetries (DSA or
ALT ).

High precision data over a large phase space will allow us to constrain the quark an-
gular momentum in the proton, Jq. While not fully model–independent, this method

30

co
sφ

 

x=0.25 
Q2=2 GeV2 

C12-12-010 
polarized HD 
Pp=0.75  
Dilution = 0.8  

ep ➝ epγ	  ΔσUT ~ cosφIm{k(F2H – F1E) + …}dφ 

L = 1x1034 cm-2s-1 

T = 2000 hrs 
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DVCS ALU asymmetries on neutron 
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Neutron counter for CLAS12 Central 
Detector built at IPN-Orsay  

E12-11-003: S. Niccolai et al. 
Total of 588 bins, in t, Q2, xB, φ	  

ALU is sensitive to the d-quark spin content of the neutron 
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GPDs from projected CLAS12 data 

25 

Review article: M. Guidal, H. Moutarde, M. Vanderhaeghen, Rept.Prog.Phys. 76 (2013) 066202  

Reconstructed CFF/GPDs in leading order twist-2 approximation 
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CLAS12 TMD program on proton 
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Quark spin polarization 
N

uc
le

on
 p
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ar
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at
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n 

Semi-inclusive meson production in DIS  

Leading twist TMD parton distributions: information on 
correlations between quark orbital momentum and spin 

lH2 

NH3 

HD 

E12-06-112: π+, π-, π0 
E12-09-008: K+, K-, K0 

E12-07-107: π+, π-, π0 
E12-09-009: K+, K-, K0 

C12-11-111: π+, π-, π0 
                   K+, K- 

The TMD program will map the 4D phase space in Q2, x, z, PT 
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AUU projections for pions 
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E12-06-112: H. Avakian et al. 

Measure momentum distribution of transversally polarized quarks in unpolarized nucleon 

Wide x and PT range needed to map out phase space in longitudinal and transverse quark momentum 
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Transversity from SIDIS 
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C12-11-111: M. Contalbrigo et al. 
Combined used of 
RICH detector 
for enhanced PID 
and transversally 
polarized HD 
target 

CLAS12 RICH 

§  4D mapping: x, z, 
PT, Q2 

§  Access to the 
mostly unexplored 
valence region 
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AUT: Sivers function from SIDIS 
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C12-11-111: M. Contalbrigo et al. 

§  4D mapping: x, z, PT, Q2 

§  Access to the mostly unexplored 
valence region 

Detailed mapping 
of the Sivers 
function 
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From GPDs and TMDs to nucleon imaging 
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…providing input to obtain a “quark tomography” of the nucleon 

Spatial Imaging Momentum Imaging 

Contribution of 
GPD E 

Contribution of 
TMD f1T 

An ambitious and very extensive program to precisely map out GPDs and 
TMDs within a broad kinematic range… 
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CLAS12 status and schedule 

31 
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CLAS12 status and schedule 
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Torus pump- and cool-down 

Forward detector installation 

Solenoid installation and test 

Central detector installation 

Commissioning run 

RICH installation 

Engineering run 

… PHYSICS 

20
16

 
20

17
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2015 NSAC Longe Range Plan 
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•  NSAC = Nuclear Science Advisory 
Committee 

 
•  Advise DOE and NSF on future of 

Nuclear Physics program every 5-7 
years 

 
•  Four recommendations 

•  RECOMMENDATION I: 
The progress achieved under the guidance of 
the 2007 Long Range Plan has reinforced U.S. 
world leadership in nuclear science. The 
highest priority in this 2015 Plan is to 
capitalize on the investments made. 
•  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. 

•  …  
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Summary 
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§  CLAS12 with JLab 12 GeV upgrade has a broad science program 
covering many facets of hadron physics and addressing fundamental 
questions in QCD 

§  Extending knowledge of PDFs to high x  in measurements of 
(un)polarized structure functions using tagging. Addresses part of the 
nucleon “spin-puzzle” and extend knowledge of quark density 
distribution at high x 

§  Precision studies of DVCS and SIDIS in polarization measurements 
give access to GPDs TMDs and enable quark multidimensional imaging 
of the nucleon 

§  Study of hadron spectroscopy and search for hybrid states provide 
insight on the origin of hadron mass, the role of gluons and 
confinement 

§  Many topics not discussed, nucleon resonances, hyperon production, 
nucleon e.m. form factors, QCD and nuclei, ….     
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Backup 
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JLab: a laboratory for nuclear science 
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Fundamental 
Forces & Symmetries 

Hadrons from Quarks 

Medical Imaging 

Quark Confinement 

Structure of Hadrons 

Accelerator S&T 

Nuclear Structure 

Theory and Computation 
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Jefferson Lab Accelerator Complex 
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A B C

Cryomodules in the 
accelerator tunnel 

An aerial view of the recirculating linear accelerator and 4 experimental halls 

Free Electron Laser 
(FEL) 

Superconducting radiofrequency 
(SRF) cavities  

Hall D (new construction) 
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RECOMMENDATION I 
The progress achieved under the guidance of the 2007 Long Range Plan has 
reinforced U.S. world leadership in nuclear science. The highest priority in 
this 2015 Plan is to capitalize on the investments made. 
•  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. 

•  Expeditiously completing the Facility for Rare Isotope Beams (FRIB) construction is essential. 
Initiating its scientific program will revolutionize our understanding of nuclei and their role in 
the cosmos. 

•  The targeted program of fundamental symmetries and neutrino research that opens new 
doors to physics beyond the Standard Model must be sustained. 

•  The upgraded RHIC facility provides unique capabilities that must be utilized to explore the 
properties and phases of quark and gluon matter in the high temperatures of the early 
universe and to explore the spin structure of the proton. 

 

The ordering of these four bullets follows the priority ordering of the 2007 plan. 


