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The JLab 12 GeV Project 

Volker D. Burkert 

Jefferson Lab 

CHL-2 

Enhance 

equipment in 

existing halls 

Add new 
hall 
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The science program at JLab @ 12GeV 

 
 Quark confinement and the role of the glue in 
meson and baryon spectroscopy 
  
 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 
 
 Search for science beyond the Standard Model – 
precision and intensity frontiers  

Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab, J. Dudek et al., EPJ A48 (2012) 187  
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Base equipment & proposed equipment 

SHMS 

Scattering 
chamber 

Tracker 
Hadron  
calorimeter 

CH2 
analyzer 

SBS-Hall A 

CLAS12 

additional equipment (proposed) 

SOLID - Hall A CLAS12 RICH  

GlueX 

Hall D Hall B Hall C 
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12 GeV Experiments by Physics Topics 

Topic Hall A Hall B Hall C Hall D Total 

The Hadron spectra as probes of QCD    

(GlueX and heavy baryon and meson spectroscopy)   2   2 4 

 The transverse structure of the hadrons  

(Elastic and transition Form Factors) 4 3 3 1  11 

The longitudinal momentum structure of the hadrons  

(Unpolarized and polarized parton distribution functions) 2 2 6   10 

 The 3D quark structure of the hadrons     

(Generalized Parton Distributions and Transverse Momentum 
Distributions) 5 14 4   23 

Hadrons and cold nuclear matter  

(Medium modification of the nucleons, quark hadronization, N-N 
correlations, hypernuclear spectroscopy, few-body experiments) 4 2 6 12 

Low-energy tests of the Standard Model and Fundamental 

Symmetries 3  1   1 5 

TOTAL 18 23 19 4 64 

PAC fully and conditionally approved experiments: 64  

More than 7 years of parallel running experiments.    

Updated PAC40, June 2013 
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DIS structure functions and dv(x)/uv(x)  
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Figure 1: (From Fig. 9 of [1]) HERA combined NC e+ p reduced cross section and fixed-target data as a

function of Q2. The error bars indicate the total experimental uncertainty. The HERAPDF1.0 fit is superim-

posed. The bands represent the total uncertainty of the fit. Dashed lines are shown forQ2 values not included

in the QCD analysis.
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Figure 2: (From Fig. 18 of [1]) The parton distribution functions from HERAPDF1.0, xuv, xdv, xS =

2x(Ũ + D̃), xg, at Q2 = 1.9 GeV2 (left) and Q2 = 10 GeV2 (right). The gluon and sea distributions are scaled

down by a factor 20. The experimental, model and parametrization uncertainties are shown separately.

one third of the total spin of the nucleon. Motivated by the EMC result, three decades of intensive

experimental and theoretical investigation have resulted in a great deal of knowledge on the partonic

3

d(x)/u(x) poorly constrained at x > 0.5 

From F2
n/F2

p measurements 
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Projected results for d(x)/u(x) for 12 GeV experiment. 

 >70MeV/c 

BONUS GEM Detector 

  Neutron structure and quark distributions 

1) Measure F2
n/F2

p by tagging almost unbound neutrons using detection of low 
momentum protons in a radial TPC.  2) Other experiment will measure 3H/3He.   

e-D→e-psX 

n 

ps  

p e- 

e- 

n 
Δ 

N(1520) 
N(1680) 

5 Tesla 

mag. field 

   First model-independent measurement of F2
n/F2

p      

E12-10-102 

Phys.Rev.Lett. 108 (2012) 199902  

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
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Polarized PDFs on p/d at 12GeV  
Improved PDFs from NLO analyses  Precise information on A1(x, Q2) with flavor tag can reduce 

uncertainties in parton helicity distributions. The Q2 dependence 

and QCD evolution can provide model-independent ΔG(x).   

E12-06-109 E12-09-007 E12-06-110 
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Flavor-tagged polarized PDFs 

Extraction of the individual 

contributions of quarks and anti-

quarks to the nucleon spin. Use 

polarized & unpolarized proton and 

deuteron targets.  

E12-09-007 
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Generalized Parton Distributions 

Generalized Parton 
Distributions (GPD) H, H, E, E 

3D nucleon imaging in transverse 
coordinate and longitudinal 
momentum space 

Integrate over transverse 

momentum space 

(Quantum phase-space quark distribution in the nucleon)  

H, H, E 
~ 

H, H, E 
~ 

E, H 

Sensitivity to GPD 
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Polarized DVCS directly probes GPDs   

~ ~ 
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Structural content of GPD E & H  

M2(t) :  Mass density in the nucleon  
J (t)   :  Angular momentum density  
d1(t)   :  Pressure and shear forces   

Nucleon matrix element of the Energy-Momentum Tensor of q flavored quarks: 

To determine J(t), measurements of the x 

and t dependence of GPDs are needed. 

To separate M2(t) and d1(t) measurements 

at small and large ξ(xB) are needed. 

Jq(t) 

χQSM 

related to “D-term” 
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d4 
dQ2dxBdtd 

 

 

~ |TDVCS + TBH|2 

DVCS BH 
Eo = 11 GeV Eo = 6 GeV Eo = 4 GeV 

BH 

DVCS 

TBH : given by elastic form factors 

TDVCS: determined by GPDs 

BH-DVCS interference generates  

beam and target polarization 

asymmetries that encode the nucleon 
structure content.  

DVCS and Bethe-Heitler Process  
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CLAS DVCS/BH cross sections 

Large kinematical 
range in Q2, xB, t  

Differential cross section (preliminary) 
Target Asymmetry AUL (preliminary) 

φ(deg) 
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Extracting CFF/GPDs from DVCS 

Extraction in leading twist with:  
•  Preliminary results from CLAS on AUL, ALL 

•  Cross sections σ  
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H1, ZEUS 

11 GeV 

H1, ZEUS Probing the high xB domain  
requires high luminosity  

0.7 

HERMES 

COMPASS 

The 12 GeV Upgrade is well 
matched to  studies in the 
valence quark regime.  

Kinematic coverage of DVCS @ 12GeV 
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ALU projections for JLab@12GeV 

ALU 

LU ~ sin {F1H + ξ(F1+F2)H +kF2E}d 
  ~ ep --> epγ 

E12-06-114 
E12-06-119 
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ALU projections for protons 

e p        epg   

Ee=11GeV 

, GeV2 

s
in

φ
 

LU ~ sin {F1H + ξ(F1+F2)H +kF2E}d 
  ~ 
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AUL projections for protons 

AUL 

e p      epγ 

L = 1x1035 cm-2s-1 

T = 2000 hrs 
x = 0.05 

Dynamically 

polarized target 

NH3, ND3 

 E12-06-119 

UL ~ sin {F1H+ξ(F1+F2)(H +ξ/(1+ξ)E)}d 
  ~ 

~ 
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AUT projections  for 12GeV 

AUT and ALT are sensitive to the u and d-quark helicity content of the proton spin 

c
o

s
φ

 

x=0.25 
Q2=2 GeV2 

UT ~ cossin(s-){k(F2H – 

F1E)}d 
ep      epγ 

C12-12-010 polarized HD 
Pp=0.60  
Dilution = 0.8  
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GPD H from projected CLAS12 data 
Review article: M. Guidal, H. Moutarde, M. Vanderhaeghen, Rept.Prog.Phys. 76 (2013) 066202  

LO fit to all observables: σ, ALU, AUL, ALL, AUx, AUy, ALx, ALy   

For corrections see 

talk by H. Moutarde 
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CFF E from projected CLAS12 data 
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Projected quark densities in impact parameter 

Contribution of E    

 Fourier transform of GPDs to 
access quark densities in 
impact parameter space.  

 

 GPD E probes the u- and d-
quark separation in impact 
parameter space. Transversely 
polarized proton shows flavor 
dipole.  

Contribution of H+E    
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Beam asymmetries ALU for neutrons  

ALU is highly sensitive to d-quark helicity contribution to nucleon spin. 

A
L

U
 

E12-11-003 Total of 588 bins 
in t, Q2, xB, φ  Central Neutron Detector 

t=-0.35GeV2  
Q2=2.75GeV2 
xB=0.225 
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Time-like Compton Scattering (TCS) 

In handbag dominance only one term survives  

handbag 

Cosine moment of the 
weighted cross section 
integrated over θ. 

E12-12-001 

Also measure threshold behavior of  J/ψ production, E12-12-006. 

TCS-BH Int. 

Highly sensitive to D-term, 
i.e. pressure on quarks in 
rest frame. 

DD+D-term 
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Transverse Momentum Structure of Nucleon – TMDs 

Transverse Momentum-dependent 
Distributions (TMD) 

3D imaging of the nucleon 
in momentum space 

Integrate over 

spatial dimensions 

(Quantum phase-space quark distribution in the nucleon)  
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Quark spin polarization 

JLab has planned a complete SIDIS 
program with π/K to access quark TMDs 
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p,K e 

e’ 

SIDIS and Transverse Momentum Distribution 

SIDIS cross section in leading twist: 

momentum PT ∼ k⊥ .

The JLab 12-GeV upgrade will provide the unique combinat ion of wide kinemat ic cov-

erage, high beam intensity (luminosity), high energy, high polarizat ion, and advanced de-

tect ion capabilit ies necessary to study the transverse momentum and spin correlat ions in

semi-inclusive processes both in the target and current fragmentat ion regions for variety of

hadron species. In this proposal we focus on observables related to kaon product ion in DIS,

accessible with unpolarized targets and new informat ion on thestructure of nucleon they can

provide. Measurements of spin-orbital st ructure of hadrons with unpolarized hydrogen and

deuterium targets will use the beam t ime of already approved elect roproduct ion experiment

to study the Neutron Magnet ic Form-Factor at High Q2 [34].

1.1 Spin and A zimut hal A symmet r ies in SI D I S

The SIDIS cross sect ion at leading twist has eight contribut ions related to different combi-

nat ions of the polarizat ion state of the incoming lepton and the target nucleon [35, 2, 12, 3].

The lepton-hadron cross sect ion can then be parametrized as [3]

dσ

dx dy dz dφS dφh dP 2
h⊥

=
α2

xQ2

y

2(1− ε)

× FUU,T + ε cos(2φh) F
cos2φh

UU + SL ε sin(2φh) F
sin 2φh

UL

+ SL λe

√
1− ε2 FL L + |ST | sin(φh − φS) F

sin(φh − φS )

UT,T

+ ε sin(φh + φS) F
sin(φh + φS )
UT + ε sin(3φh − φS) F

sin(3φh − φS )
UT

+ |ST | λe

√
1− ε2 cos(φh − φS) F

cos(φh − φS )

L T , (1)

where α is the fine structure constant and ε the rat io of longitudinal and transverse photon

flux,

ε =
1− y

1− y + y2/ 2
. (2)

The kinemat ic variables x, y are defined as: x = Q2/ 2(P1q), and y = (P1q)/ (P1k1). The

variable q = k1 − k2 is the momentum of the virtual photon, Q2 = − q2, φh is the azimuthal

angle between the scat tering plane formed by the init ial and final momenta of the electron

and the product ion plane formed by the transverse momentum of the observed hadron and

the virtual photon (see Fig. 1), and φS is the azimuthal angle of the transverse spin in

the scattering plane. The subscripts in FUL , FL L ,etc., specify the beam (first index) and

target(second index) polarizat ions, longitudinal (L), t ransverse (T), and unpolarized (U).

Structure funct ions factorize into TMD parton dist ribut ions, fragmentat ion funct ions,

and hard parts [12, 3]

7

The 8 structure functions factorize into TMD parton 
distributions, fragmentation functions, and hard parts: 

Integrals over transverse 
momentum of initial and 
scattered parton  

A full program to access L.T. TMDs from measurements requires separation of the structure function using polarization, 
and coverage of a large range in x, z, PT  along with sensitivity to Q2, and the flavor separation in u, d, s quarks.  



    IWHSS, Erlangen, Germany, July 22-24, 2013  Page 26 

  

JLab TMD Proton Program @ 12 GeV 

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

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- N
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Quark spin polarization 

E12-09-017:  π+,π-, K+,K-   
C12-11-102: π0  

HMS  
SHMS 

H2, NH3, HD 

The TMD program will map the 4D phase space in Q2, x, z, PT   

CLAS12 Hall C Hall A 

NH3 H2 

E12-11-108: π+,π-   SOLID 
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SIDIS π/K on unpolarized protons/deuterons 

E12-09-008 
E12-09-017  

E12-06-112 
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 CLAS12 AUL on longitudinally polarized target  

The Kotzinian-Mulders function measures the 
momentum distribution of  transversely polarized 
quarks in a longitudinally polarized nucleon. 

 Only leading twist azimuthal moment for longitudinally polarized target. 

The sin2 moment is sensitive to spin-orbit correlations. 

Target spin 

Quark spin 

E12-07-107 
E12-09-009 
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Collins 

AUT on transverse polarized proton  

E12-11-108 
C12-11-111 

Sivers 

High statistics allows for x-P  binning T  
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JLab TMD D2 Program @ 12 GeV 

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

E09-008:  π+,π-,π0  
       K+, K-,K0 

E07-107: π+,π-,π0  
E09-009: K+,K-,K0 
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Quark spin polarization 

E12-09-017:  π+,π-, K+,K-   
C12-11-102: π0  

HMS  
SHMS 

D2, ND3 

CLAS12 Hall C 

D2 
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JLab TMD 3He Program @ 12 GeV 

Leading twist TMD parton distributions: 
information on correlations between 
quark orbital motion and spin  
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Quark spin polarization 

E10-006:  π+,π-   
E12-09-018: π+,π- , K+,K-    

Solid 

SBS 

3He 

E12-07-007: π+, π-  Solid 

Hall A 
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Momentum Tomography with TMDs 

Sivers function for d-quarks extracted from model 

simulations with a transverse polarized 3He target.   

d-quark momentum tomography for 
Sivers function. The d-quark 
momentum density shows a  
distortion and shift in kx. A non-zero 
δkx value requires a non-zero orbital 
angular momentum. 

δkx 

δkx 
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12 GeV UPGRADE REBASELINE SCHEDULE 

1st beam 

October 2014 

1st beam  

February 2014 

1st beam 

January 2016 

1st beam 

October 2013 
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Summary 

• JLab 12 GeV upgrade has a broad science program covering many facets of 
hadron physics.  

 

• 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 in polarization measurements give access to GPDs 
and enable quark spatial imaging. They relate to the quark spin, mass and 
force distributions in the nucleon (confinement?).  

 

• Precise measurements of SIDIS improve access to TMDs and quark momentum 
tomography, and relate to the quark orbital angular momentum.   

 

• Many topics not discussed, hadron spectroscopy, high precision parity 
experiments, nucleon e.m. form factors, dark matter searches, QCD and nuclei, 
….     
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Additional slides 



Preliminary Plans for  
First Years of Beam in Hall B 

  11 GeV beam experiments CLAS12 Construction 

1st  beam   

CY  2015 CY  2016 CY  2014 CY  2017 

1
1

 G
eV

 

Heavy 
Photon 
Search  

Proton 
Charge 
Radius 

•  Highly rated experiments in first 3 years of running 
•  PCR, HPS, pDVCS, nDVCS, pSIDIS, g1

p/g1
n 

•  High discovery potential during first year 

CY  2018 

g1
p , g1

n  

large x 
spin str. 

Installation 

  < 6 GeV beam pDVCS 
& GPDs 
pSIDIS & 
TMDs 

 nDVCS  
 & GPDs 
nSIDIS  
& TMDs  

Proton TMDs 
Transverse 
spin structure 

Heavy 
Photon 
Search  
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Exclusive J/ψ production near threshold 

J/ψ production at high W 
  
Access to gluon GPDs at small x.    

J/ψ production near threshold 
 
Large tmin implies large skewness 
x1-x2   

 
More natural interpretation in 
terms of a gluonic form factor 
sensitive to non-perturbative 
gluon field. 

produced in small-size configurations  
 - probes small distances ~ 1/MJ/ψ 

E12-12-001 
E12-12-006 
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Gluonic d.o.f. in meson excitations 
Isoscalar mesons from LQCD  

Real photons may be a good 

probe of exotic mesons.  

Large program is in preparation 

with the GlueX experiment. 

           ss-bar 

           uu-bar + dd-bar 

           isovector 

J. Dudek et al., arXiv:1208:124 
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Extracting an exotic JPC signal in GlueX 

Phase motion  
1+(a1) – 1-(π1) 

π1 intensity  

Amplitude analysis of MC 

generated data shows that a 

very small exotic π1(1600) 

signal can be isolated from the  

much larger signals of 
ordinary mesons.  

γp->π+π+π-n 

A complementary program is  

in preparation with CLAS12 

with quasi-real photons.  

CLAS results set upper limit of 13.5nb 
for π1(1600) production in this 
channel, less than 2% of a2(1320).  

M. Nozar, PRL 102 (2009) 102002.  

E12-06-102 

E12-11-005 
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CFF H from projected CLAS12 data 

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


