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Traditional “1-D” Parton 

Distributions (PDFs)
(integrated over many 

variables) 
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At finite Q2: pQCD evolution (q(x,Q2), Dq(x,Q2)

⇒ DGLAP equations) and gluon radiation

Jefferson Lab kinematics:                ⇒ target mass effects,

higher twist contributions and resonance excitations

 Non-zero

 Further Q2-dependence (power series in      )
1

Qn

⇒ access to gluons.

SIDIS: Tag the flavor of the struck quark with the 

leading FS hadron ⇒ separate qi(x,Q2), Dqi(x,Q2)
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VALENCE REGION AND 

MODERATE Q
2
: SFS FOR X1

SU(6)-symmetric proton wave function in the “naïve” quark model:

In this model: d/u = 1/2, Du/u = 2/3, Dd/d = -1/3 for all x 

Relativistic Correction: lower component reduces axial charge, adds to orbital angular 
momentum (p-wave) 

Hyperfine structure effect: S=1 suppressed => d/u = 0, Du/u = 1, Dd/d = -1/3
for x  1 => A1p = 1, A1n = 1, A1D = 1

pQCD: helicity conservation (qp) => d/u =2/(9+1) = 1/5, Du/u = 1, Dd/d = 1
for x  1

Valence quark polarization

1

-1



DUALITY

Asymptotically Free 

Quarks: regime of pQCD

Long Distance Physics:  

hadronic observables

aS(Q)



THE LIMIT Q
2  0:

 relates the difference of the photo-absorption cross section for helicity 1/2  
and 3/2 to the nucleon magnetic moment, i.e. a connection between dynamic 
and static properties

 based on very general principles, as gauge invariance, dispersion relation, 
low energy theorem

 at finite Q2 can be related to 
the integral of the spin structure 
function g1

 strong variation of nucleon spin 
properties as a function of Q2

 Q2-dependence described by Chiral 
Perturbation Theory (cPT) at low Q2

IGDH

ChPT

GDH sum rule

DIS
pQCD

operator 
product 
expansion

quark models
Lattice QCD?

Q2 (GeV2)1

G1

GDH Sum Rule 



The Limit Q2  0:

 0 measures the response (“stiffness”) of the nucleon spin against 
electromagnetic deformations along the spin axis

 Follows from same dispersion relation and low energy theorem (limit of 
forward Compton scattering) as GDH sum rule

 can also be extended to finite Q2:

 much more sensitive to low-energy (high x)
part of the integral  -> ideal for Jlab

 plus other polarizabilities: LT 

 Chiral Perturbation Theory should be able to predict 
0(Q2), LT(Q2) and b in

Spin Polarizability



JEFFERSON LAB IN PERSPECTIVE

Past: 6 GeV

Q2 = < 6 GeV2

x > 0.1…0.6

W = 0.9…3 GeV

Q
2

[G
e
V

2
]

x

Now: 12 GeV

Q2 = 1…13 GeV2

x = 0.06…0.8 

W < 4 GeV



SPIN STRUCTURE FUNCTIONS 

IN THE LAST 40 YEARS

Nobuo Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier, and A. Accardi:”Iterative Monte Carlo 

analysis of spin-dependent parton distributions”, Phys. Rev. D 93, 074005 (5 April 2016).

A. Deur, Y. Prok, V. Burkert, D. Crabb, F.-X. Girod, K. A. Griffioen, N. Guler, S. E. Kuhn, and 

N. Kvaltine: “High precision determination of the Q2 evolution of the Bjorken sum”, Phys. Rev. 

C 90, 012009 (July 2014). 
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RESULTS FROM EG1B
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The SF g
1p
– recent results at low Q

2

X. Zheng, June 2019, CLAS collaboration meeting

  
29

Final Results on g1 or A1F1Final value on g1 is 

(1) calculated using two “missing tail ratio value” (12% and 24%) extractions, and 

interpolate to the best estimate for the missing tail ratio (which is between 12% and 24%)

(2) combined over all Hve beam energies and all target types

X. Zheng, June 2019, CLAS collaboration meeting

  
29

Final Results on g1 or A1F1Final value on g1 is 

(1) calculated using two “missing tail ratio value” (12% and 24%) extractions, and 

interpolate to the best estimate for the missing tail ratio (which is between 12% and 24%)

(2) combined over all Hve beam energies and all target types

EG4



The SF g
1d
– recent 

results at low Q
2

EG4

deuteron



Proton

3He

THE 

FUTURE

High precision 

inclusive SSFs 

on p, d, n in 

the region 

0.05 < x < 0.8

DeuteronProton

W > 2; Q2 > 1

Deuteron



CLAS12

Forward Detector (FD)
- TORUS magnet 

- HT Cherenkov Counter 

- Drift chamber system 

- LT Cherenkov Counter

- Forward ToF System

- Pre-shower calorimeter

- E.M. calorimeter 

- Forward Tagger  

- RICH detector 

Central Detector (CD)
- Solenoid magnet 

- Silicon Vertex Tracker

- Central Time-of-Flight 

- Central Neutron Detector

- MicroMegas

Beamline
- Diagnostics 

- Shielding

- Targets

- Polarimeter

- Faraday Cup

MM

CND
FT

RICH

https://www.jlab.org/Hall-B/clas12-web/

Number of readout channels > 100,000



RUN GROUP C

Total number of approved beam (PAC) days: 185 (120 p, 60 d, 5 auxiliary)

• Experiments with CLAS12 and a longitudinally polarized p/d target

• Tentatively scheduled for 6 months in 2021-2022 (First Installment)

• Just passed Experimental Readiness Review

• Comprises 6 approved experiments



POLARIZED TARGET –

FROZEN AMMONIA AND DEUTERATED 

AMMONIA IN 1K LIQUID HE BATH AND 5 T 

MAGNETIC FIELD, IRRADIATED WITH 140 

GHZ MICROWAVES

13	November	2018

CLAS	Collaboration	Meeting
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1 K Refrigerator

TargetGroup

Photos courtesy of J. Brock
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1 K Refrigerator

TargetGroup
Readiness	Review:	Run	Group	C

First tests of 1 K refrigerator:  A big success!

Stable operation at ~1 K

Heat shield < 28 K

Fast cool-down: 3 hr following LN2

Low helium consumption: < 5 L/hr

- Readiness	Review:	Run	Group	C	-

System tests

17	June	2019 25

First tests of 1 K refrigerator:  A big success!

Stable operation at ~1 K

Heat shield < 28 K

Fast cool-down: 3 hr following LN2

Low helium consumption: < 5 L/hr

- Readiness	Review:	Run	Group	C	-

System tests

17	June	2019 25

Passed 

Experimental 

Readiness 

Review 6/19



INCLUSIVE + TAGGED 

SSF – HALL B

Improved PDFs from NLO analyses 

Better determination 

of Higher Twist vs. x

Improved coverage to

evaluate moments

Greater 

x-coverage 

for G1

Inclusive A1

p
d



QUARK POLARIZATION FROM KAON SIDIS

See talk by 

K. Hafidi

Tuesday 

morning



3D Partonic Structure

Traditional “1-D” Parton 

Distributions (PDFs) 
(inclusive, integrated over 

many variables) 

h = ±1

s

k^
k

3-D Picture of parton flavor, 

spin and momentum (TMDs)

q(H,S^, x,k^,,h, s^;Q2 )

q(S, x, r̂ ,, s;Q
2 )

3-D parton orbits (GPDs)

q(x;Q2 ), h ×H q(x;Q2 )

From 1-D to 3-D:



pDVCS simulations with RGC setup

pDVCS event generator (GENEPI): DVCS-BH on proton target, t<-1.2 GeV2

→  GEMC 4.3.0, single cell target, NH3, noFT configuration

→  COATJAVA 5.9.0

→  Data analysis (PID + channel selection cuts)

13

Electron kinematics

Proton kinematics

Photon kinematics

q vs f p vs q
After exclusivity cuts

After exclusivity cuts



Target Spin and Double Spin Asymmetriesn DVCS





H. Avakian, RGC,  May 30

KOTZINIAN-MULDERS ASYMMETRIES

Worm gear TMDs are unique (no analog in GPDs)

B.Musch arXiv:0907.2381

A.V. Efremov, K. Goeke and P. Schweitzer, Czech. 

J. Phys. 55 (2005) A189, hep-ph/0412420.



TMDS – CLAS12

(LONG. POL. P,D)

d

p

(p+)

Worm Gear

u quarkA1 pT

distr.

…+sinf
(Higher Twist)



TIMELINE RUN GROUP C

…followed by experiment with transversely polarized p target (HD-ICE)



TMDS – CLAS12

TRANSVERSE HD-ICE (?)

Sivers Collins
+

worm gear,

pretzelosity



POLARIZED EMC EFFECT?

QMC

I. Cloët, W. Bentz, A. 

Thomas Phys.Lett. B642, 

210 (2006) 

The polarized EMC effect - theory predictions 7

7Li
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FIG. 6: The EMC and polarized EMC effect in 7Li. The

empirical data is from Ref. [31].

11B
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FIG. 7: The EMC and polarized EMC effect in 11B. The

empirical data is from Ref. [31].

wherewefind apolarized EMC effect roughly twicethat
of theunpolarized case.

IV. CONCLUSION

Usingarelativistic formalism, wherethequarksin the
bound nucleonsrespond to thenuclear environment, we
calculated the quark distributions and structure func-
tionsof 7Li, 11B, 15N and 27Al. For aspin-J target there
are2J + 1 independent quark distributions or structure
functions in theBjorken limit. For example, 27Al there-
forehassix structurefunctions, however wefind that the
higher multipoles are suppressed relative to the leading
result by at least an order of magnitude.

We were readily able to describe the EMC effect in
these nuclei, and importantly obtained the correct A-
dependence. Although we do not show the results, we
also determined the EMC ratio for 12C, 16O and 28Si
and found resultsvery similar to their A− 1neighbours.
In Eq. (23) we define the polarized EMC ratio in nu-
clei. This ratio issuch that in theextremenonrelativis-
tic limit, with no medium modifications, it isunity. The

15N
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FIG. 8: The EMC and polarized EMC effect in 15N. The

empirical data is from Ref. [31].

27Al

Q2 = 5GeV2
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FIG. 9: The EMC and polarized EMC effect in 27Al. The

empirical data is from Ref. [31].

resultsfor thepolarizedEMCeffect in nuclei corroborate
earlier nuclear matter [11, 32], light nuclei [33] and small
x [28] studies that found largemedium modifications to
the spin structure function relative to the unpolarized
case. In particular, wefind that the fraction of thespin
of thenucleoncarriedby thequarksisdecreased innuclei
(seeTableII). If this result isconfirmed experimentally,
it would give important insights into in-medium quark
dynamicsand help quantify theroleof quark degreesof
freedom in thenuclear environment.
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Valence + sea

Valence only

Nuclear matter, Q2=10 GeV2

CBT
CQS

J. Smith, J. 

Miller Phys. 

Rev. C 72, 

022203(R) 

(2005)

H. Fanchiotti, et al.

arXiv:1404.3047 (2014)

Chiral Quark Soliton Model (CQS)

x-rescaling

Quark-Meson Coupling Model (QMC



POLARIZED EMC EFFECT?
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E12-14-001 with CLAS12 at JLab: Ratio of g1 and A1 for 7Li vs. free p 

Run	Group	C	Meeting 5

Demonstrate polarization (in opposite directions) of two target cells 

using low-field shim coils

8/7/18

James Maxwell + Victoria Lagerquist

Microwaves are tuned halfway 

between the normal (+) and (-) 

polarization frequencies:

Ø high field sample is 

polarized (+)

Ø low field sample is 

polarized (-)

Polarized Target Update: Double-cell DNP

7LiD 6LiH

Run	Group	C	Meeting7 8/7/18

NMRTest Progress

June 28th, 2018 J. Maxwell 7

NMRTestProgress

June28th,2018J.Maxwell7

•Samples are 5-minute epoxy 

doped with TEMPO radical

•Two samples / one NMR coil

Courtesy of J. Maxwell

James Maxwell + Victoria Lagerquist

Polarized Target Update: Double-cell DNP

Run	Group	C	Meeting 88/7/18
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James Maxwell + Victoria Lagerquist (ODU)

Polarized Target Update: Double-cell DNP

Run	Group	C	Meeting 68/8/18

James Maxwell + Victoria Lagerquist

Polarized Target Update: Double-cell DNP

Shim coils (4)

32 AWG (0.20 mm) copper wire

Outer coils: 4 layers, 32 windings @ 2 amps

Inner coils:  4 layers, 43 windings @ 5 amps

Cold Tank Circuit NMR NMR Polarizat ion Measurements

77 K NMR Test Bed

NMR at 5T and 77K

PSTP 2017, Oct 19, 2017 J. Maxwell 18FROST Magnet

Warm bore solenoid @ 5 T

Courtesy of V. Lagerquist

Run	Group	C	Meeting6 8/8/18

James Maxwell + Victoria Lagerquist

Polarized Target Update: Double-cell DNP

Shim coils (4)

32 AWG (0.20 mm) copper wire

Outer coils: 4 layers, 32 windings @ 2 amps

Inner coils:  4 layers, 43 windings @ 5 amps

ColdTankCircuitNMRNMRPolarizationMeasurements

77KNMRTestBed

NMRat5Tand77K

PSTP2017,Oct19,2017J.Maxwell18 FROST Magnet

Warm bore solenoid @ 5 T

Courtesy of V. Lagerquist

Run	Group	C	Meeting 78/7/18

NMRTestProgress

June28th,2018J.Maxwell7

NMRTest Progress

June 28th, 2018 J. Maxwell 7

• Samples are 5-minute epoxy 

doped with TEMPO radical

• Two samples / one NMR coil

Courtesy of J. Maxwell

James Maxwell + Victoria Lagerquist

Polarized Target Update: Double-cell DNP



OUTLOOK: COMPLETING 

THE PICTURE

 Du/u and Dd/d at high x ?

 Nuclear effects on nucleon structure

 Understanding the sea – Ds, u - d, Du - Dd?

 Orbital angular momentum? -> GPDs in 3D

 Axial and Tensor charges of the nucleon

 Full mapping of all TMD PDFs 
in the valence and sea region

 Gluon helicity distribution at large x and a small x? What is 
the integral DG?

 Test of universality

 Test of prediction that time-odd TMDs (e.g., Sivers
asymmetry) change sign in Drell-Yan processes

 What happens at really small x << 0.01?

JLab @ 

12 GeV

JLab, FNAL, RHIC, COMPASS

JLab + COMPASS (NLO), RHIC, COMPASS SIDIS

RHIC
RHIC, COMPASS, 

FNAL, FAIR, JPARC

vs. JLab

Q2

x

RHIC

JLab

COMPASS, JLab

RHIC, COMPASS, FNAL



Putting it all together – example HFS (courtesy K. Griffioen, W&M):

ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM

(21 cm)

Measurements of form factors, 

(generalized) polarizabilities 

and (spin) structure functions 

at small Q2 are crucial.

Recoil

+…



PREDICTED DATA FROM CLAS12 - DIS

Proton DeuteronW > 2; Q2 > 1



DD/D FROM DIS

Up-to-date estimate for 1st run of RGCAs proposed
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DD/D INCLUDING SIDIS



TMDS – CLAS12

Experiment Quantity Physics Target particle 

species

Kinematics beam  

request

run 

group

E12-07-107 AUL
sinφ

AUL
sin2φ

NH3

ND3

π+, π-, π0 x= 0.1-0.7

PT=0.1-1.2 

30 days

50 days

170 

days

E12-09-007b Δu, Δd, Δs

Δu, Δd, Δs

x(Δu-Δd) NH3

ND3

π+, π-, π0

K+, K-, 

K0
s

x=0.1-0.7 30 days

50 days

E12-09-009 A1

AUL
sinφ

AUL
sin2φ

NH3

ND3

π+, π-, π0

K+, K-, 

K0
s

Q2= 1 - 9

x=0.1-0.7

PT= 0.1-1.2

30 days

50 days

PR12-11-109b AUL hL NH3

ND3

ππ, KK x=0.05-0.6 30 days

50 days

PR12-11-111 SIDIS 

AUT

Sivers, 

Transversity

Pretzelosity

HD π+,π-,π0

K+, K-, K0
s

Q2=1-10GeV2

x=0.1-0.7

PT=0.2-1.5

100 

days

100 

days

Comprehensive Program with Longitudinal and Transverse H, D targest

Worm gear, HT

Flavor tagging 

(Dq); pT dep.

Kaons Worm 

gear

Two-Hadron

(Deferred)

Transversity, 

Sivers, Worm 

Gear, 

Pretzelosity


