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● Meeting
     August 13 - 15, 2014
    Thomas Jefferson National Accelerator Facility 

● Goals
     The goal of this meeting was to have a critical number of scientists from the 

Spin physics community gathered with the purpose to update and sharpen our 
message as it relates to the case for the Electron Ion Collider in the USA

● Participants
     44  scientists from JLab, BNL, LBNL, LANL, SLAC and other labs and 

universities including 6 remote participants from Europe

● Results
   http://www.jlab.org/conferences/pretownjlab2014/

Pre-town meeting at Jefferson Lab
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Explore “sea” quark and gluon dominated region. 

From the White Paper:

– High luminosity up to

– Variable energy range 

– Polarized, longitudinally and transversely,
   for the proton and light-ions

– Unpolarized heavy-ion beams

– wide acceptance detector and good PID

arXiv: 1212.1701 & 1108.1713

Electron Ion Collider in the USA
Broad agreement of the Spin physics community that the next facility 
should be Electron Ion Collider
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EIC White Paper (2012) is an excellent
summary of EIC physics

The goal of the meeting was to
review progress in the last 2 years
in SPIN physics and “3-D” structure
of the nucleon
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Helicity structure at EIC

Without  EIC we will never have a good quantitative knowledge of 
Spin decomposition of the nucleon

    

W. Vogelsang
E. Aschenauer
W. Melnitchouk

Current knowledge

E. Sichtermann
J. Qiu
Many others

PRL 113, 012001 (2014) EIC White Paper
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Without  EIC we will never have a good quantitative knowledge of 
Spin decomposition of the nucleon

    
With EIC

Also functions, not only integrated quantities
No other facility in the World can do it!

E. Sichtermann
J. Qiu
Many others

Helicity structure at EIC
W. Vogelsang
E. Aschenauer
W. Melnitchouk
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5D 

3D

Transverse
Momentum 
Dependent
distributions

Generalized
Parton 
Distributions

Wigner function

3D structure of the nucleon
F. Yuan
C. Weiss
M. Burkardt 

X. Ji
A. Radyushkin
Many others 
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TMDs GPDs

3D structure of the nucleon
F. Yuan
C. Weiss
M. Burkardt 

X. Ji
A. Radyushkin
Many others 

Enormous progress of understanding 
of evolution. We are able to span energies
of JLab 6 GeV up to LHC

Publication by JLab, HERMES, COMPASS
data on multiplicities is an essential step
forward towards better understanding of 
TMDs

Important progress of analysis of EIC
impact

 arXiv:1406.3073

JHEP 1309 (2013) 093
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3D structure of the nucleon
F. Yuan
C. Weiss
M. Burkardt 

X. Ji
A. Radyushkin
Many others 

Data of EIC is essential for our understanding of hadron structure in the 
regime dominated by “sea” quarks and gluons

Progress of lattice QCD and other non-perturbative methods is very encouraging
and is complementary to our experimental goals of EIC

We are going to discover new phenomena and new structures associated with
hadron dynamics

Spin physics community is thrilled about the prospect of building an Electron Ion
Collider in the USA 

TMD Sivers function at EIC Sea quark GPD functions at EIC
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3D structure of the nucleon
F. Yuan
C. Weiss
M. Burkardt 

X. Ji
A. Radyushkin
Many others 

Data of EIC is essential for our understanding of hadron structure in the 
regime dominated by “sea” quarks and gluons

Progress of lattice QCD and other non-perturbative methods is very encouraging
and is complementary to our experimental goals of EIC

We are going to discover new phenomena and new structures associated with
hadron dynamics

Spin physics community is thrilled about the prospect of building an Electron Ion
Collider in the USA 

TMD Sivers function at EIC Sea quark GPD functions at EIC

THANK YOU!



Overview of SoLID  

• Full exploitation of JLab 12 GeV Upgrade 
     A Large Acceptance Detector AND Can Handle High Luminosity (1037-1039) 
     Take advantage of latest development  in detectors , data acquisitions and simulations 
     Reach ultimate precision for SIDIS (TMDs), PVDIS in high-x region and threshold J/y  
•5 highly rated experiments approved  
     Three SIDIS experiments,  one PVDIS,  one J/y production  
     Bonus: di-hadron, Inclusive-SSA, and much more … 
•Strong collaboration (200+ collaborators from 50+ institutes, 11 countries) 
     Significant international contributions  

Solenoidal Large Intensity Device 



 Nucleon Structure with SoLID-SIDIS  
Semi-inclusive Deep Inelastic Scattering 
program:  
Large Acceptance + High Luminosity 
+ Polarized targets 
  4-D mapping of Collins, Sivers, and 
pretzelocity asymmetries,… 
 Tensor charge of quarks, transversity 
distributions, TMDs… 
Benchmark test of Lattice QCD, probe 
QCD Dynamics and quark orbital motion 

Collins Asymmetry Total > 1400 points  

SoLID projections 

Extractions from 
existing data  

LQCD 

DSE 

Models 

Tensor Charges 
Pretzelosity  information on OAM 



Parity Violation with SoLID 

Parity-violating Deep 

Inelastic Scattering: 

• High Luminosity on LD2 and LH2  

• Better than 1% errors for small 

bins over large range kinematics 

• Test of Standard Model  

• Quark structure of nucleon:  

       charge symmetry violation 

       d/u at large x 

       quark-gluon correlations   

       

PVDIS  asymmetry has two terms:  
 1)  C2q weak couplings, test of Standard 
Model  
 2)  Unique precision information on 
quark structure of nucleon  

6 GeV PVDIS 

SoLID-PVDIS 

Mass reach in a composite model 
SoLID-PVDIS  ~ 20 TeV (LHC scale) 

Presentation by P. Souder 
and K. Kumar  



SoLID-J/y: Study Non-Perturbative Gluons 

Quark 
Energy 

Trace 
Anomaly Gluon 

Energy 

Quark 
Mass 

50 days @  
1037 N/cm2/s 

* /N N J y  

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 G 



X. Ji  PRL 74 1071 (1995) 

Presentation by Z. Zhao 



- 2010-2012 Five SoLID experiments approved by PAC (4 A, 1 A- rating)  

            3 SIDIS with polarized 3He/p target, 1 PVDIS, 1 threshold J/y 

- 2013: CLEO-II magnet formally requested and agreed 

- 2014: Site visit, plan transportation to JLab (2016) 

2010-2014: Progress 

- Spectrometer magnet, modifications 

- Detailed simulations  

- Detector pre-R&D 

- DAQ 

 2014: pre-CDR submitted for JLab Director’s Review 

 

Active collaboration,  

200+ physicists from 50+ international institutions 

 

Draft funding profile includes significant  

international contributions (China) 

SoLID Timeline and Status 

GEM R&D 
China/UVa 

CLEO-II magnet  



Backup 

 

Progress in Detectors 

SIDIS/TMD Program 



SoLID Detector Development 

Light Gas Cerenkov (Temple) 

ECal Module (UVA, W&M, Shandong) 

Simulations now with realistic backgrounds  

Heavy Gas 
Cerenkov (Duke) 

ECal Mounting Design (ANL) 



GEM Progress 

GEM foils made at CIAE 

• First full size prototype assembled at UVA, tested in beam (Fermi Lab)  
• 30x30 cm prototype constructed, readout tested (CIAE/USTC/Tsinghua/Lanzhou) 
• GEM foil production facility under development at CIAE (China) 

A MRPC prototype for 

SOLID-TOF in JLab  
Y. Wang, et al.    JINST 8 
(2013) P03003 

(Tsinghua) 

MRPC – High Resolution TOF Timing resolution ~ 85 ps 

> 95 % efficiency 

Chinese Collaboration 

http://inspirehep.net/author/profile/Wang, Y.?recid=1223763&ln=en


 Transversity and Tensor Charge 
 Collins Asymmetries ~  Transversity  (x)  Collin Function 
 Transversity: chiral-odd, not couple to gluons, valence behavior, largely unknown   
 Tensor charge  (0th moment of transversity): fundamental property 
      Lattice QCD, Bound-State QCD (Dyson-Schwinger) , Light-cone Quark Models, …   
 Global model fits to experiments (SIDIS  and e+e-)  
 SoLID with trans polarized n & p  determination of tensor charges for d & u              

Collins Asymmetries 
Tensor Charges 

PT vs. x for one (Q2, z) bin  

Total > 1400 data points  • Projections with a model 

• There are un-measured regions 

• QCD evolutions being worked 



 TMDs: 3-d Structure, Quark Orbital Motion 
 TMDs : Correlations of transverse motion with quark spin and orbital motion  
 Without OAM, off-diagonal TMDs=0,  
      no direct model-independent relation to the OAM in spin sum rule yet 
 Sivers Function: QCD lensing effects 
 In a large class of models, such as light-cone quark models 
         Pretzelosity: DL=2 (L=0 and L=2 interference ,   L=1 and -1 interference) 
         Worm-Gear: DL=1 (L=0 and L=1 interference)   
 SoLID with trans polarized n/p  quantitative knowledge of OAM 

Pretzelosity 



Worm-gear Functions  

• Dominated by real part of interference  

between L=0 (S) and L=1 (P) states 

• No GPD correspondence 

• Exploratory lattice  QCD calculation:  
          Ph. Hägler et al, EPL 88, 61001 (2009) 

g1T
  = 

)()(~ 11 zDxgA TLT

h1L
 = 

)()(~ 11 zHxhA LUL

 

TO
T 

g1T 
(1) 

S-P int. 

P-D 
int. 

Light-Cone CQM by B. 
Pasquini  
B.P., Cazzaniga, Boffi, PRD78, 2008 

Neutron Projections,  



Polarized Dell-Yan at Fermilab
APS LRP:APS LRP:

Joint Town Meetings on QCD 
(13-September, 2014)

Wolfgang Lorenzon

• Unpolarized Drell Yan at Fermilab: ( 70 collaborators)

g g

Unpolarized Drell-Yan at Fermilab:                                         (~70 collaborators) 

→ SeaQuest [E-906]:                                  (USA, Japan, Taiwan)

→ science run:                                            Feb 2014  — spring/summer 2016

• Polarized Drell-Yan at Fermilab: (USA, Japan, Taiwan, Spain)        (~80 collaborators) 

→ polarized Target [E-1039]:              2016 (for 2 yrs) Stage 1 approval: July-2013

→ polarized Beam [E 1027]: >2018 (for 2 yrs) Stage 1 approval: Nov 2012→ polarized Beam [E-1027]:               >2018 (for 2 yrs) Stage 1 approval: Nov-2012

• Present status & needs 

1



Planned Polarized Drell-Yan Experiments
E i t P ti l Energy Luminosity P P (f) FOM# Ti lisinA 

T

sinA S

Experiment Particles Energy
(GeV) xb or  xt

Luminosity
(cm‐2 s‐1) Pb or  Pt (f) rFOM# Timeline

COMPASS
(CERN) ± + p↑ 160  GeV

s = 17 xt = 0.1 – 0.3 2 x 1033 0.14 Pt = 90%
f = 0.22

1.1 x 10‐3 2014, 2018

PANDA ↑ 15 GeV 0 2 0 4 2 1032 0 07 Pt = 90% 1 1 10 4 2018

T

sinA S

(GSI) p + p↑
s = 5.5 xt = 0.2 – 0.4 2 x 1032 0.07 Pt   90%

f = 0.22
1.1 x 10‐4 >2018

PAX
(GSI) p↑+ p  collider

s = 14 xb = 0.1 – 0.9 2 x 1030 0.06 Pb =  90% 2.3 x 10‐5 >2020?

NICA ↑ colliderNICA
(JINR) p↑+ p collider

s = 26 xb = 0.1 – 0.8 1 x 1031 0.04 Pb =  70% 6.8 x 10‐5 >2018

PHENIX/STAR
(RHIC) p↑+ p↑ collider

s = 510 xb = 0.05 – 0.1 2 x 1032 0.08 Pb = 60%  1.0 x 10‐3 >2018

f PHENIX  200 0 1 0 5 8 1031 P 60% 4 0 10 4fsPHENIX
(RHIC) p↑+ p↑ s = 200

s = 510
xb = 0.1 – 0.5
xb = 0.05 – 0.6

8 x 1031
6 x 1032 0.08 Pb = 60%

Pb = 50% 
4.0 x 10‐4
2.1 x 10‐3 >2021

SeaQuest
(FNAL: E‐906) p + p 120 GeV

s = 15
xb = 0.35 – 0.9
xt = 0.1 – 0.45

3.4 x 1035 ‐‐‐ ‐‐‐ ‐‐‐ 2012 ‐ 2015

Pol tgt DY‡
(FNAL: E‐1039) p + p↑ 120 GeV

s = 15 xt = 0.1 – 0.45 4.4 x 1035 0 –
0.2*

Pt = 88%
f = 0.176

0.15 2016

Pol beam DY§

(FNAL: E‐1027) p↑ + p 120 GeV
s = 15 xb = 0.35 – 0.9 2 x 1035 0.04 Pb = 60%  1 >2018

2

‡ 8 cm NH3 target   /  § L= 1 x 1036 cm‐2 s‐1 (LH2 tgt limited)   /  L= 2 x 1035 cm‐2 s‐1 (10% of MI beam limited)   
*not constrained by SIDIS data    /   # rFOM = relative lumi * P2 * f2 wrt E‐1027 (f=1 for pol p beams, f=0.22 for  beam on NH3)

W. Lorenzon (U-Michigan)  9/10/2014



• Polarized Drell-Yan:

Polarized Beam Drell-Yan at Fermilab (E-1027)
Polarized Drell Yan: 
→QCD (and factorization) require sign change
→major milestone in hadronic physics (HP13)

• E t di t it t F il b (b t l f l i d DY)

  1 1
 

SIDIS DYT Tf f

• Extraordinary opportunity at Fermilab (best place for polarized DY) : 
→ high luminosity, large x-coverage
→ (SeaQuest) spectrometer already setup and running       
→ l id t i ( / 10% f b )→ run alongside neutrino program (w/ 10% of beam)
→ experimental sensitivity:

› 2 yrs at 50% eff, Pb = 60%, Iav = 15 nA
› luminosity: L = 2 x 1035 /cm2/s› luminosity: Lav  2 x 10 /cm /s

• Path to polarized proton beam at Main Injector 
→perform detailed design studies

• Cost estimate to polarize Main Injector $10M (total)Cost estimate to polarize Main Injector $10M (total)
→ includes M&S, labor, 15% project management 

& 50% contingency 

• Measure DY with both Beam or/and Target polarized

3

Measure DY with both Beam or/and Target polarized

→broad spin physics program possible



A Novel, Compact Siberian Snake for the Main Injector

Single snake design (6.4m long):
- 1 helical dipole + 2 conv. dipoles

- helix:      4T / 5.6 m / 4” ID

initial design studies

- dipoles:  4T / 0.2 m / 4” ID 

- use one 4-twist helical magnet 
- 8rotation of B field

- never done before in a high energy ring
- RHIC uses snake pairs 
- 4 single-twist magnets (2rotation ea)4 single twist magnets (2rotation ea)

Path to polarized proton beam at MI  
- detailed design studies: $300k         (short-term)

i l t difi ti t MI $10M (l t )- implement modifications to MI $10M (longer-term)

Needs
- endorsement in LRP document

4



Polarized Beam Drell-Yan at Fermilab (E-1039)

• Probe Sea-quark Sivers Asymmetry 
with a polarized proton target at SeaQuest

‒ existing SIDIS data poorly constrain 
sea-quark Sivers function

‒ significant Sivers asymmetry expected 
from meson cloud model

Drell-Yan Target Single-Spin Asymmetry
pp  +-X,  4M9 GeV

from meson-cloud model

‒ first Sea Quark Sivers Measurement
‒ determine sign and value of u Sivers 

distribution

A N

distribution

If AN≠0 major discovery:If AN≠0, major discovery: 
“Smoking Gun” evidence for Lu ≠0 

- Statistics shown for one calendar year of running: 
- L = 7.2 *1042 /cm2 ↔ POT = 2.8*10 18          

xtarget

- Running will be two calendar years of beam time

5



Status and Plans (E-1039)

Target
Polarization: 85%
Packing fraction 0.6
Dilution factor: 0.176
Density: 0 89 g/cm3Density: 0.89 g/cm

- use current SeaQuest setup,  a polarized 
proton target, unpolarized beam

- add third magnet SM0 ~5m upstream
• improves dump-target separation
• moves <xt> from 0.21 to 0.176
• reduces overall acceptance 
• adds shielding challenges

Ref: Andi Klein (LANL) 6

xt



COMPASS, E-1027, E-1039 (and Beyond)

Beam 
Pol.

Target 
Pol.

Favored 
Quarks

Physics Goals

(Sivers Function)
LLseasign

change size shape

COMPASS
✕ ✔ valence ✔ ✕ ✕ ✕✕ ✔ valence ✔ ✕ ✕ ✕

E‐1027
✔ ✕ valence ✔ ✔ ✔ ✕p p X   

p X     

E‐1039
✕ ✔ sea ✕ ✔ ✔ ✔

p p X 

 p p X   

E‐10XX

✔ ✔
sea & 
valence

Transversity, Helicity, 
Other TMDs …

p Xp     

p p X  
 

7

 p p X 



Polarized Drell-Yan Recommendation Text for the 
QCD Town Meeting

• A high-luminosity polarized Drell-Yan program at the Fermilab Main Injector with 

g

g y p p g j
both polarized beams and targets is endorsed by the U.S. QCD community.
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The	  Importance	  of	  a	  New	  Transverse	  Spin	  Program	  
at	  RHIC	  and	  Its	  Impacts	  on	  Future	  e+p	  Physics	  

Ming	  Liu	  (Los	  Alamos)	  	  

9/7/14	   Ming	  Liu,	  QCD	  Townhall	  2014	   1	  

Spin	  

Mass	  
TMD	  

GPD	  

	  Twist-‐3	  

Charge	  

Mul$ple	  Probes	  
•  p+p	  &	  e+p	  
•  Consistency	  

QCD	  Challenges	  
•  Universality	  
•  PredicRons	  

Probing	  Strong	  Interac$on	  	  
Dynamics	  and	  Structures	  

p+p	  



When	  “pp”	  and	  “DIS”	  Confront	  Each	  Other:	  A	  Surprise!	  
First	  a(empt	  to	  test	  the	  universal	  QCD	  descrip7ons	  of	  TSSA	  in	  p+p	  and	  e+p	  

•  What	  are	  the	  sources	  of	  the	  large	  TSSA	  in	  p+p?	  	  
–  Long-‐standing	  puzzle	  ~40	  years!	  
–  Sivers	  and	  Collins	  effects	  observed	  in	  SIDIS	  

•  Are	  they	  universal?	  	  
–  p+p	  vs	  SIDIS	  
	  

9/8/14	   Ming	  Liu,	  QCD	  Townhall	  2014	   2	  

! Both seem to describe the data well (in their own kinematic region), 
but what about their connections?
! At the operator level, ETQS function is related to the first kt-moment of the 

Sivers function

0.2 0.3 0.4 0.5 0.6
-0.1

0

0.1

0.2
0�  =200GeVsp at 

�
p

Fx

NA

Feb 10, 2012 Zhongbo Kang, RBRC/BNL

What about the connection?

19

gTq,F (x, x) = �
Z

d

2
k?

|k?|2

M

f

?q
1T (x, k2?)|SIDIS

p+ p" ! �(pT ) +X

Boer, Mulders, Pijlman, 2003
Ji, Qiu, Vogelsang, Yuan, 2006

?	  

60

Comparison of results

Alexei Prokudin

 

   

Collinear analysis:  Kouvaris, Qiu, 
Vogelsang, Yuan (2006)

 

 TMD analysis:  

Anselmino et al (2008)

Kang, Qiu, Vogelsang, Yuan (2011)

Urgency:	  Experimental	  resoluRon!	  	  
	  

•  SIDIS:	  	  
–  Sivers	  and	  Collins	  separated	  
–  Limited	  to	  “small”	  (x,Q2)	  
–  Need	  EIC	  to	  help!	  

•  p+p:	  
–  Inclusive	  TSSA,	  mix	  of	  effects	  
–  Limited	  to	  “large”	  (x,	  Q2	  )	  
–  Need	  new	  data	  to	  overlap	  SIDIS!	  

P+P:	  Twist-‐3	   SIDIS:	  TMD	  

SIDIS	  

P+P	  

EIC?	  

RHIC?	  



Proposal:	  New	  Transverse	  Spin/TMD	  Physics	  at	  RHIC	  
Discover	  Novel	  QCD	  Structures	  and	  Dynamics	  at	  RHIC	  

•  New	  Opportunity	  at	  RHIC	  -‐	  the	  world	  only	  
polarized	  p+p	  Collider	  
–  First	  unambiguous	  measurements	  of	  iniRal	  and	  

final	  state	  spin	  asymmetries	  in	  p+p	  
•  Jet	  “Sivers”	  asymmetry	  
•  Intra-‐Jet	  “Collins”	  asymmetry	  
•  Direct	  comparison	  with	  SIDIS	  
	  

–  Access	  new	  quark	  and	  gluon	  TMDs	  	  
•  Boer-‐Mulders,	  Warm-‐Gear	  etc	  

–  Requires	  new	  experimental	  capabiliRes	  
•  Full	  jet,	  forward	  rapidity	  
•  Drell-‐Yan	  and	  other	  probes	  possible	  

•  Recent	  revoluRon	  in	  “TMD	  physics”	  
–  Universal	  QCD	  descripRons	  being	  developed	  
–  EIC	  physics	  focus	  	  

	  

•  Unique	  opportunity,	  discovery	  physics!	  
–  Harvest	  early	  investment	  with	  moderate	  

detector	  upgrade	  (also	  EIC	  ready)	  
–  CriRcal	  for	  EIC	  physics	  interpretaRon	  	  

which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

&d2k?b$
a=A;SA
#a#

0
a
f̂a=A;SAðxa;k?aÞ$b=B

#b#
0
b
f̂b=Bðxb;k?bÞ

&M̂#c;#d;#a;#b
M̂'

#0
c;#d;#

0
a;#

0
b
%ðŝþ t̂þ ûÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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checked that even in themaximized scenario this last
contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;

(2) The cos!H
" asymmetry is generated by the quark

Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
process. In the central rapidity region (#j ¼ 0) the
maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
adopted and on the c.m. energy considered, being
almost negligible at

ffiffiffi
s

p ¼ 500 GeV. In the forward
rapidity region, #j ¼ 3:3, the maximized cos!H

"

asymmetry can be much larger both at
ffiffiffi
s

p ¼ 200
and 500 GeV. As an example, in Fig. 2 we show the
maximized cos!H

" asymmetry (solid red lines) for"þ

production at c.m. energy
ffiffiffi
s

p ¼ 200 GeV in the cen-
tral (left panel) and forward (right panel) rapidity
regions as a function of pjT , from pjT ¼ 2 GeV up

to the maximum allowed value, adopting the Kretzer
FF set. Slightly lower values are obtained using the
DSS set.

(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at

ffiffiffi
s

p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jetþ ! þ XÞ
Let us now discuss our numerical results for the Sivers

(A
sin!SA
N ) asymmetry and the quark [A

sinð!SA
&!H

" Þ
N ] and gluon

[A
sinð!SA

&2!H
" Þ

N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,
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FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jetþ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.

D’ALESIO, MURGIA, AND PISANO PHYSICAL REVIEW D 83, 034021 (2011)

034021-12

checked that even in themaximized scenario this last
contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;

(2) The cos!H
" asymmetry is generated by the quark

Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
process. In the central rapidity region (#j ¼ 0) the
maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
adopted and on the c.m. energy considered, being
almost negligible at

ffiffiffi
s

p ¼ 500 GeV. In the forward
rapidity region, #j ¼ 3:3, the maximized cos!H

"

asymmetry can be much larger both at
ffiffiffi
s

p ¼ 200
and 500 GeV. As an example, in Fig. 2 we show the
maximized cos!H

" asymmetry (solid red lines) for"þ

production at c.m. energy
ffiffiffi
s

p ¼ 200 GeV in the cen-
tral (left panel) and forward (right panel) rapidity
regions as a function of pjT , from pjT ¼ 2 GeV up

to the maximum allowed value, adopting the Kretzer
FF set. Slightly lower values are obtained using the
DSS set.

(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at

ffiffiffi
s

p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jetþ ! þ XÞ
Let us now discuss our numerical results for the Sivers

(A
sin!SA
N ) asymmetry and the quark [A

sinð!SA
&!H

" Þ
N ] and gluon

[A
sinð!SA

&2!H
" Þ

N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,

  = cosφπ

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 2  4  6  8  10  12  14
p (GeV)jT

<W>

ηj = 0

W H

W H  = cos2φπ

  = cosφπ

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 2  2.5  3  3.5  4  4.5  5  5.5  6  6.5
p (GeV)j T

W H

W H

<W>

ηj = 3.3

  = cos2φπ

FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jetþ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.

D’ALESIO, MURGIA, AND PISANO PHYSICAL REVIEW D 83, 034021 (2011)

034021-12

à	  “Sivers”	  

à	  “Collins”	  	  

Jet	  in	  p+p	  

9/8/14	   Ming	  Liu,	  QCD	  Townhall	  2014	   3	  

0

50

100

150

200

250

1990-1993 1994-1997 1998-2001 2002-2005 2006-2009 2009-2012

Sivers Collins

RHIC-‐spin,	  LOI	  (1991)	  
longitudinal	  spin	  
“Spin	  Crisis”	  

Plot	  by	  Kang	  

RHIC-‐spin	  II	  
Trans.	  Spin	  ?	  

Yuan,	  D’Alesio,	  Kang,	  Gamberg	  et	  al	  



Backup	  Slides	  

9/7/14	   Ming	  Liu,	  QCD	  Townhall	  2014	   4	  



Jet	  “Sivers”	  and	  “Collins”	  Measurements	  
A	  Proposed	  EIC	  Detector,	  eta={-‐1,	  +4}	  
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in	  leading	  order	  processes	  
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Τarget fragmentation region and fracture functions 

M. Anselmino, V. Barone and A. Kotzinian, Phys. Lett. B 699 (2011) 108 

probability to produce the hadron h  
when a quark q is struck in a proton target 

Large acceptance of CLAS12 and EIC provide a unique 
possibility to study the nucleon structure simultaneously  
in current and target fragmentation regions in SIDIS 

Measurements of hadrons produced in the target 
fragmentation region (fracture functions) opens a 
new avenue in studies of the structure of the 
nucleon in general and correlations between 
current and target fragmentation in particular 
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Λ production in the target fragmentation region 

 Projected results of the longitudinal spin transfer as a function of xF  (red 
full circles) compared with the CLAS preliminary data and the ISM prediction 

polarization tranfer coefficient 

30 days of CLAS12 
data taking 

H. Avakian (JLab) , TM-2014, Sep 13-15 

Λ – unique tool for polarization study due 
to self-analyzing parity violating decay 
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Back-to-back hadron (b2b) production  in SIDIS 

The beam–spin asymmetry appears, at leading twist and low 
transverse momenta, in the deep inelastic inclusive lepto-
production of two hadrons, one in the target fragmentation 
region and one in the current fragmentation region. 

M. Anselmino, V. Barone and A. Kotzinian, 
Physics Letters B 713 (2012) 

Back-to-back hadron production in SIDIS would allow:  
•  study SSAs not accessible in SIDIS at leading twist 
•  measure fracture functions 
•  control the flavor content of the final state hadron in 

current fragmentation (detecting the target hadron) 
•  study correlations in target vs current and access 

factorization breaking effects (similar to pp case) 
•  access quark short-range correlations and χSB 

(Schweitzer et al) 
•  ... 
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Support slides…. 
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ALU in b2b SIDIS with CLAS @ 5.5 GeV 

H. Avakian (JLab) , TM-2014, Sep 13-15 5 

Preliminary results for a significant ALU asymmetry 
from CLAS  with π+ produced in CFR and π− – in TFR.  



Λ production in the target fragmentation region 

(LEPTO 4x60) 

direct Λ   

hyperon decay Λ   
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H. Avakian (JLab) , TM-2014, Sep 13-15 

angular distributions of 
protons and ani-protons  

Most of the direct Lambdas in the target fragmenatation region 

anti-ΛX   

(x10)ΛX   
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correlations between target and current 

H. Avakian (JLab) , TM-2014, Sep 13-15 7 
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Single hadron production in hard scattering 

Target fragmentation Current  fragmentation 

Fracture Functions 
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kT-dependent PDFs  Generalized PDFs  

Wide kinematic coverage of large acceptance detectors allows studies 
of hadronization both in the target and current fragmentation regions 

xF - momentum 
in the CM frame 

xF>0 (current fragmentation) 

xF<0 (target fragmentation) 
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exclusive semi-inclusive 
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Sivers effect in the target fragmentation 

A.Kotzinian 

High statistics of CLAS12 will allow studies of kinematic 
dependences of the Sivers effect in target fragmentation region 
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-
Tensor 𝑃𝑧𝑧 = (𝑝++𝑝−) − 2𝑝0

(    +    )-2

Tensor Structure Function 𝒃𝟏
Close-Kumano sum rule[3]

6-quark hidden color[4]

𝑏1 =
𝑞0 𝑥 − 𝑞±(𝑥)

2

[1] IA Rachek et al, PRL 98, 182303 (2007)
[2] P Hoodbhoy et al, Nucl. Phys. B312, 571 (1989)
[3] FE Close, S Kumano, Phys. Rev. D42, 2377 (1990)

[4] G Miller, Phys. Rev. C89, 045203 (2014)
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Conventional nuclear physics models 
can’t reproduce HERMES data

Only introducing hidden color effects has 
been able to

𝑏1 allows us to quark distributions 
dependent on polarization of the nucleus
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JLab LOI12-14-002: Tensor Asymmetry 
𝑨𝒛𝒛 in the 𝒙 > 𝟏 Region

Tensor Spin Observables
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JLab LOI12-14-002: Tensor Asymmetry 
𝑨𝒛𝒛 in the 𝒙 > 𝟏 Region
Similar to 𝑡20, but in QE

Tensor Spin Observables

2
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JLab LOI12-14-002: Tensor Asymmetry 
𝑨𝒛𝒛 in the 𝒙 > 𝟏 Region
Similar to 𝑡20, but in QE
SRCs & pn dominance[1]

Differentiate light cone and VN models[2]

Tensor Spin Observables

[1] J Arrington et al, Prog. Part. Nucl. Phys. 67, 898 (2012) 
[2] M. Sargsian, private communication
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JLab LOI12-14-002: Tensor Asymmetry 
𝑨𝒛𝒛 in the 𝒙 > 𝟏 Region
Similar to 𝑡20, but in QE
SRCs & pn dominance[1]

Differentiate light cone and VN models[2]

Better understanding of s/d[3]

𝐴𝑧𝑧 ∝

1
2𝑑

2 − 𝑠𝑑

𝑠2 + 𝑑2

Tensor Spin Observables

[1] J Arrington et al, Prog. Part. Nucl. Phys. 67, 898 (2012) 
[2] M. Sargsian, private communication
[3] L Frankfurt, M Strikman, Phys. Rept. 160, 235
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JLab LOI12-14-002: Tensor Asymmetry 
𝑨𝒛𝒛 in the 𝒙 > 𝟏 Region
Similar to 𝑡20, but in QE
SRCs & pn dominance[1]

Differentiate light cone and VN models[2]

Better understanding of s/d[3]

Final state interaction models[4]

𝐴𝑧𝑧 ∝

1
2𝑑

2 − 𝑠𝑑

𝑠2 + 𝑑2

Tensor Spin Observables

[1] J Arrington et al, Prog. Part. Nucl. Phys. 67, 898 (2012) 
[2] M. Sargsian, private communication
[3] L Frankfurt, M Strikman, Phys. Rept. 160, 235
[4] W Cosyn, M Sargsian, arXiv:1407.1653
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JLab LOI12-14-002: Tensor Asymmetry 
𝑨𝒛𝒛 in the 𝒙 > 𝟏 Region
Similar to 𝑡20, but in QE
SRCs & pn dominance[1]

Differentiate light cone and VN models[2]

Better understanding of s/d[3]

Final state interaction models[4]

Encouraged for full submission by PAC42

𝐴𝑧𝑧 ∝

1
2𝑑

2 − 𝑠𝑑

𝑠2 + 𝑑2

Tensor Spin Observables

[1] J Arrington et al, Prog. Part. Nucl. Phys. 67, 898 (2012) 
[2] M. Sargsian, private communication
[3] L Frankfurt, M Strikman, Phys. Rept. 160, 235
[4] W Cosyn, M Sargsian, arXiv:1407.1653

“The measurement proposed here arises 
from a well-developed context, presents 

a clear objective, and enjoys strong 
theory support. It would further explore 
the nature of short-range pn correlations 

in nuclei, the discovery of which has 
been one of the most important results 

of the JLab 6 GeV nuclear program.”
-JLab PAC42 Theory Advisory Committee
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𝑠2 + 𝑑2 JLab LOI12-14-001: Search for Exotic 
Gluonic States in the Nucleus

𝑏4 in 𝑥 < 0.3 region
Insensitive to bound nucleons or pions[5]

Any non-zero value indicates exotic 
gluonic components[5]

Encouraged for full submission by PAC42

Tensor Spin Observables

[1] J Arrington et al, Prog. Part. Nucl. Phys. 67, 898 (2012) 
[2] M. Sargsian, private communication
[3] L Frankfurt, M Strikman, Phys. Rept. 160, 235
[4] W Cosyn, M Sargsian, arXiv:1407.1653
[5] R Jaffe, A Manohar, Phys. Lett. B223, 218 (1989)

“The measurement proposed here arises 
from a well-developed context, presents 

a clear objective, and enjoys strong 
theory support. It would further explore 
the nature of short-range pn correlations 

in nuclei, the discovery of which has 
been one of the most important results 

of the JLab 6 GeV nuclear program.”
-JLab PAC42 Theory Advisory Committee
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Tensor Spin Observables
Future of Tensor Measurements

Approved measurement of 𝑏1
2 upcoming proposals

4 structure functions to explore
Many more ideas from Tensor Workshop

Ample opportunities for exploration
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[5] R Jaffe, A Manohar, Phys. Lett. B223, 218 (1989)
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from a well-developed context, presents 

a clear objective, and enjoys strong 
theory support. It would further explore 
the nature of short-range pn correlations 

in nuclei, the discovery of which has 
been one of the most important results 

of the JLab 6 GeV nuclear program.”
-JLab PAC42 Theory Advisory Committee
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Gluonic States in the Nucleus
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gluonic components[5]
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Projections for GPD H with CLAS12

Count rates
projections for 12 GeV
unpolarized
long. and transv.
polarized targets

⇓Acceptance, Binning, Resolutions

Observables, Uncertainties
σ, ALU, ALL,AUT · · ·

⇓Extraction procedures

Generalized Parton
Distributions
H, H̃, E, Ẽ

⇓Fourier Transform

Quark densities q⊥(xB , p⊥)
Angular Momentum Sum Rule

related to E

FX Girod
JLab Hall-B

GPD program projections at 12 GeV Sep 9th14 1/ 4



Projections for GPD E with CLAS12

Count rates
projections for 12 GeV
unpolarized
long. and transv.
polarized targets

⇓Acceptance, Binning, Resolutions

Observables, Uncertainties
σ, ALU, ALL, AUT· · ·

⇓Extraction procedures

Generalized Parton
Distributions
H, H̃, E, Ẽ

⇓Fourier Transform

Quark densities q⊥(xB , p⊥)
Angular Momentum Sum Rule

related to E

FX Girod
JLab Hall-B

GPD program projections at 12 GeV Sep 9th14 2/ 4



Projections for quark transverse profile

FX Girod
JLab Hall-B

GPD program projections at 12 GeV Sep 9th14 3/ 4



Projections for quark transverse profile

FX Girod
JLab Hall-B

GPD program projections at 12 GeV Sep 9th14 4/ 4



Bernd Surrow 

Joint QCD Town meeting / Temple University!
Philadelphia, PA, September 13, 2014

Bernd Surrow

1

Future prospects of di-jet production at 

forward rapidity constraining Δg(x) at low x in 

polarized p+p collisions at RHIC 



Bernd Surrow!Joint QCD Town meeting / Temple University!
Philadelphia, PA, September 13, 2014

Results / Status - Gluon polarization program
2

DSSV: Original global analysis incl. first RHIC results (Run 5/6) 

DSSV*: New COMPASS inclusive and semi-inclusive results in addition to Run 5/6 RHIC 
updates 

DSSV - NEW FIT: Strong impact on Δg(x) with RHIC run 9 results ⇒ Positive for x > 0.05!

Impact on Δg from RHIC data  

“…better small-x 
probes are badly 

needed.”

Wide 
spread at 

low x 
(x<0.05) 

of 
alternative 

fits 
consistent 

within 
90% of 

C.L.

D. deFlorian et al., Phys. Rev. Lett. 113 (2014) 012001.

D. deFlorian et al., Phys. Rev. Lett. 113 (2014) 012001.

D. deFlorian et al., Phys. Rev. Lett. 113 (2014) 012001.



Bernd Surrow!Joint QCD Town meeting / Temple University!
Philadelphia, PA, September 13, 2014

Results / Status - Gluon polarization program
3

RHIC Gluon polarization - Correlation Measurements 

Correlation measurements provide access to partonic kinematics 

through Di-Jet/Hadron production and Photon-Jet production: 
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Bernd Surrow!Joint QCD Town meeting / Temple University!
Philadelphia, PA, September 13, 2014

Future prospects - Gluon polarization program
4

Kinematic coverage - Simulations / Central
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Kinematic coverage - Simulations / Forward
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ALL projections / Forward

δR = 5·10-4
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Status: Gluon polarization program: 

First Di-Jet measurement opens the path to constrain the shape of Δg 

Run 9 results: Precise ALL measurement suggesting non-zero ΔG
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Summary
8

New global analysis by DSSV:  

Non-zero Δg(x) for x > 0.05 

Larger uncertainties for x < 0.05, i.e. below current RHIC kinematic region! 

Forward jet production: 

Extend jet measurements at forward rapidity probing Δg(x) as low as 10-3 in x 

Good control of sys. uncertainties important (Assume ~ 1 long RHIC run!) 

Additional probes to be studied: π0-jet correlations! 

Important step prior to a future Electron-Ion Collider (EIC) ~2025!

LOI for forward 
STAR upgrade 

focusing on 
forward pp/pA 

program 

STAR

Run 14 STAR BUR request:  

6 weeks with Ldelivered = 75pb-1 and 60%
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