
From 12 GeV to EIC:  TMDs 
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Nucleon Spin Decomposition 
Proton spin puzzle 

Quark spin only contributes a small 
fraction to nucleon spin. 

J. Ashman et al., PLB 206, 364 (1988); NP B328, 1 
(1989). 

Spin decomposition 

JAM Collaboration, PRD (2016). 

Access to Lq/g 

Lattice QCD 

K.-F. Liu, NP A928, 99 (2014). 

It is necessary to have transverse information. 

Coordinate space: GPDs 
Momentum space: TMDs 

3D imaging of the nucleon. 

~ 0.3 

Gluon spin: STAR and PHENIX (pp collisions) 
Lattice: Yang et al. (χQCD Collaboration),  
PRL 118, 102001 (2017) 



Orbital motion - Nucleon Structure from 1D to 3D  

[Bacchetta’s talk (2016)] 
H.	
  Gao	
  

Generalized parton distribution (GPD) 
Transverse momentum dependent parton distribution (TMD) 
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Access TMDs through Hard Processes 

Partonic scattering amplitude 

Fragmentation amplitude 

Distribution amplitude 

proton 

lepton lepton 

pion 
Drell-Yan 

BNL	
  
JPARC	
  FNAL	
  

proton 

proton lepton 

antilepton 

EIC 

SIDIS 

electron 

positron 

pion 

pion 

e–e+ to pions 
1 1(SIDIS) (DY)h h⊥ ⊥= −

BESIII 

1 1(SIDIS) (DY)q q
T Tf f⊥ ⊥= −

5
Drell-Yan Programs 
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SIDIS and Structure Functions  
SIDIS differential cross section 
18 structure functions F(x, z, Q2, PT),  
model independent. (one photon exchange approximation) 

[Diehl&Sapeta EPJC2005] 

In parton model, F(x, z, Q2, PT)s are expressed as the convolution of 
TMDs. 

SoLID: 
4D bins in (x, z, Q2, PT) 



Separation of Collins, Sivers and pretzelocity effects 
through angular dependence  
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SIDIS	
  SSAs	
  depend	
  on	
  4-­‐D	
  variables	
  (x,	
  Q2,	
  z	
  and	
  PT	
  )	
  
Large	
  angular	
  coverage	
  and	
  precision	
  measurement	
  of	
  asymmetries	
  in	
  4-­‐D	
  
phase	
  space	
  is	
  essen1al.	
  	
  

Collins	
  frag.	
  Func.	
  	
  
from	
  e+e-­‐	
  collisions	
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Impressive experimental progress in QCD spin 
physics in the last 30 years 

!  Inclusive spin-dependent DIS   
➥ CERN: EMC, SMC, COMPASS 
➥ SLAC: E80, E142, E143, E154, E155 
➥ DESY: HERMES 
➥ JLab: Hall A, B and C 

!  Semi-inclusive DIS 
➥ SMC, COMPASS 
➥ HERMES, JLab 

!  Polarized pp collisions 
➥ BNL: PHENIX & STAR 
➥ FNAL: POL. DY 

 
!  Polarized e+e- collisions 

➥ KEK: Belle 

 

Z.	
  Meziani	
  
8	
  



Global Analysis: Unpolarized TMD 
Global analysis of semi-inclusive DIS, Drell-Yan and Z 
production data with TMD evolution 

A. Bacchetta et al., J. High Energy Phys. 06 (2017) 081. 
9	
  

SIDIS multiplicity (example) 

Drell-Yan cross section 

Z production 

Transverse momentum distribution 



Global Analysis: Transversity 

10	
  

M. Radici and A. 
Bacchetta: Phys. Rev. 
Lett. 120, 192001 (2018) 
SIDIS + pp (pion pairs) 

Z.-B. Kang et al., 
Phys. Rev. D 93, 
014009 (2016). 

M. Anselmino et al., 
Phys. Rev. D 92, 
114023 (2015). 



Present Status On TMD Extractions 
Sivers Transversity Pretzelosity 

Anselmino et al, EPJA39, 89 (2009) Anselmino et al, PRD92, 114023 (2015) Lefky et al, PRD91, 034010 (2015) 

Collins fragmentation 

Anselmino et al, PRD92, 114023 (2015) 
                         PRD93, 034025 (2016) 



12 GeV Upgrade at JLab 

Scope of the project includes:  
•  Doubling the accelerator beam energy 
•  New experimental Hall and beamline 
•  Upgrades to existing Experimental Halls 

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

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 

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

The completion of the  
12 GeV Upgrade of CEBAF 
was ranked the highest 
priority in the 2007 NSAC 
Long Range Plan. 
 

12
Solenoidal Large Intensity Device (SoLID) 
proposed for Hall A    



12 GeV Upgrade Physics Instrumentation 

GLUEx (Hall D): exploring origin of 
confinement by studying hybrid mesons 

CLAS12 (Hall B):  understanding nucleon 
structure via generalized parton distributions 

SHMS (Hall C):  precision determination of  
valence quark properties in nucleons and nuclei 

Hall A: nucleon form factors,  
& future new experiments using new devices  



CLAS 12 

E12-09-007, E12-09-008 
E12-09-009, E12-07-107 

NH3 and ND3 targets 
C12-11-111 
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Aybat, Prokudin & Rogers  C12-11-111  

•  Large acceptance of CLAS12 allows studies of PT and  
Q2-dependence of SSAs in a wide kinematic range 

•  Comparison of JLab12 data with HERMES, COMPASS 
(and EIC) will pin down transverse momentum 
dependence and  the non-trivial Q2 evolution of TMD 
PDFs in general, and Sivers function in particular. 

Aybat, Prokudin & Rogers  

C12-11-111  

CLAS12: Evolution and kT-dependence of TMDs 

kT-dependence of  Q2-dependence of Sivers,  CLAS12 kinematical coverage f

?
1 (x, kT )g1(x, kT )
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Hall C SIDIS Program (typ. x/Q2 ~ constant) 
[R. Ent, DIS2016] 

H.	
  Gao	
  



Beyond 12 GeV Upgrade 
 
 
•   Super BigBite Spectrometer 

 (Approved for FY13-16 construction) 
 -  high Q2 form factors  
 -  SIDIS 

•   MOLLER experiment  
 (MIE – FY20-24?) 
  - Standard Model Test 

 

•   SoLID program 
       Chinese collaboration 
       CLEO Solenoid 
       Proton mass, spin and 
       Standard Model Test 

  



E12-09-018—Transversely Polarized 
SIDIS	
  	
  

6/18/18	
   A.	
  PuckeX,	
  for	
  H.	
  Gao	
  2018	
  JLab	
  UGM	
   18	
  

Hadron Arm: Super BigBite 
Spectrometer @14 deg. 

Electron Arm: BigBite 
Spectrometer @30 deg.  

High-luminosity 
Polarized 3He Target 
(1.2 × 1037 cm-2 s-1) 

JLab E12-09-018 in 
Hall A: Approved for 

64 beam-days, A- 
rating by PAC38 

(2011) 

•  E12-09-018 in Hall A: transverse spin physics with high-luminosity polarized 3He.  
•  40 (20) days production at E = 11 (8.8) GeV—significant Q2 range at fixed x 
•  Collins, Sivers, Pretzelosity, ALT for n(e,e’h)X, h = 𝝅+/𝝅-/𝝅0/K+/K-  
•  Re-use HERMES RICH detector for charged hadron PID  
•  Reach high x (up to ~0.7) and high statistical FOM (~1,000X Hall A E06-010 @6 GeV)  



SIDIS Kinematic Coverage in 
E12-­‐09-­‐018	
  

6/18/18	
   A.	
  PuckeX,	
  for	
  H.	
  Gao	
  2018	
  JLab	
  UGM	
   19	
  

•  Wide, independent coverage of x, z, pT, ϕh ± ϕS in a single kinematic configuration. 
•  At least four (preferably 8) target spin directions to achieve full ϕS coverage 
•  Q2, x strongly correlated due to dimensions of BigBite magnet gap. 
•  Data at E = 11, 8.8 GeV provide data for significantly different Q2 at same x 
•  Systematics control " independent spectrometers, detectors in field-free regions, 

straight-line tracking, simple, well-defined (but adequately large) acceptance, etc.  



SBS+BB Projected Results: Collins and Sivers SSAs 

6/18/18	
   A.	
  PuckeX,	
  for	
  H.	
  Gao	
  2018	
  JLab	
  UGM	
   20	
  

•  E12-09-018 will achieve statistical FOM for the neutron ~100X better than HERMES 
proton data and ~1000X better than E06-010 neutron data. 
•  Kaon and neutral pion data will aid flavor decomposition, and understanding of 
reaction-mechanism effects. 

Projected AUT
Sivers vs. x (11 GeV 

data only) 
Projected AUT

Collins vs. x (11 GeV 
data only) 



3D and “4D” extraction of SIDIS SSAs with SBS 

6/18/18	
   A.	
  PuckeX,	
  for	
  H.	
  Gao	
  2018	
  JLab	
  UGM	
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)X :

0.1  x  0.7,�x = 0.1

0.2  z  0.7,�z = 0.1

0  pT (GeV)  1.2,�pT = 0.2 GeV

Example result for 3D binning 
(x,z,pT) 

•  E = 11 GeV, 40 days 

•  “4D” with Q2 dependence 
from 20 days at 8.8 GeV: 

E = 11 GeV 

E = 8.8 GeV 

E = 5.9 GeV (E06-010 Hall A) 



Solenoidal Large Intensity Device (SoLID) Physics 
SoLID	
  provides	
  unique	
  capability:	
  

# 	
  high	
  luminosity	
  (1037-­‐39)	
  
# 	
  large	
  acceptance	
  with	
  full	
  φ	
  coverage	
  

	
  

"	
  mul1-­‐purpose	
  program	
  to	
  maximize	
  
	
   	
  	
  	
  the	
  12-­‐GeV	
  science	
  poten1al	
  

1)	
  Precision	
  in	
  3D	
  momentum	
  space	
  imaging	
  of	
  the	
  nucleon 3)	
  J/ψ	
  produc,on	
  cross	
  sec,on 

à	
  Constrain	
  
the	
  QCD	
  trace	
  
anomaly,	
  	
  
Proton	
  mass	
  ,	
  
LHCb	
  charmed	
  
pentaquark 

à	
  A	
  search	
  for	
  new	
  
physics	
  in	
  the	
  10-­‐20	
  
TeV	
  region,	
  
complementary	
  to	
  
the	
  reach	
  at	
  LHC.	
  

2)	
  Precise	
  determina,on	
  of	
  the	
  electroweak	
  couplings 

22	
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Energy
33!

Quark
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34!
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22!



SoLID-Spin: SIDIS on 3He/Proton @ 11 GeV 

E12-­‐10-­‐006:	
  	
  	
  	
  	
  Single	
  Spin	
  Asymmetry	
  on	
  
Transverse	
  3He	
  @	
  90	
  days,	
  ra,ng	
  A	
  

E12-­‐11-­‐007:	
  	
  	
  	
  	
  Single	
  and	
  Double	
  Spin	
  Asymmetry	
  
on	
  3He	
  @	
  35	
  days,	
  ra,ng	
  A	
  

E12-­‐11-­‐108:	
  	
  	
  Single	
  and	
  Double	
  Spin	
  Asymmetries	
  
on	
  Transverse	
  Proton	
  @120	
  days,	
  ra,ng	
  A	
  

Several run group experiments approved: TMDs, 
GPDs, and  

much more 

Key of SoLID-Spin program: 
Large Acceptance ���
+ High Luminosity���
 " 4-D mapping of asymmetries ���
" Tensor charge, TMDs …
" Lattice QCD, QCD Dynamics, 
Models.

EM Calorimeter 
(large angle) 

EM Calorimeter 
(forward angle) 

Target 

GEM 

Light Gas 
Cherenkov 

Heavy Gas 
Cherenkov 

 Coil and Yoke 

Scint 
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Collimator 

1 m 

MRPC 
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H.	
  Gao	
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Unpolarized Quark in p↑ 
Model Calculation 

Bacchetta, Conti, Radici 
PR D 78, 074010 (2008). 

Sivers distribution 
naively time-reversal odd. 

Measurement in SIDIS 
Single spin asymmetry 
(Sivers asymmetry) 

Fit 
Exp. 

6 GeV JLab E06-010, X. Qian et al., PRL 107, 072003 (2011). 



SoLID Impact on Sivers 

Fit SIDIS Sivers asymmetries data 
from HERMES, COMPASS and 
Jlab-6 GeV 
 
Monte Carlo method with nested 
sampling algorithm is applied 
 
TMD evolution is not included 

Both statistical and systematic 
uncertainties are included 

Q2 = 2.4 GeV2 

Preliminary 
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Q2= 2.4 GeV2 

Q2= 2.4 GeV2 

x = 0.1 

x = 0.1 

Quark Transverse Momentum in p↑ 

parametrization by M. Anselmino et al., EPJ A 39, 89 (2009). 

SoLID projection with transversely polarized neutron and proton data. 

95% C.L. 



27

Transverse Spin Structure 
Transversity 

(Collinear & TMD) 

A transverse counter part to the 
longitudinal spin structure: helicity g1L 

They are NOT the same due to relativity. 
Chiral-odd 
Unique for the quarks. 
No mixing with gluons. 
Simpler evolution effect. 

NOT accessible via inclusive DIS process. 
Must couple to another chiral-odd function. 
(e.g. Collins function H1⊥) 
Measured via  
SIDIS (E12-10-006, E12-11-008), Drell-Yan 
Di-hadron (approved as run group with E12-10-006) 

6 GeV JLab E06-010, X. Qian et al., PRL 107, 072003 (2011). 

Measurement in SIDIS 
Single spin asymmetry 
(Collins asymmetry) 

Collins fragmentation function 



28

SoLID Impact on Transversity 
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Fit Collins asymmetries in SIDIS and 
e+e- annihilation 

 
SIDIS data from HERMES, 
COMPASS and JLab-6 GeV 
 
e+e- data from BELLE and BABAR 
 
TMD evolution is included 

Both statistical and systematic 
uncertainties are included 
 

About one order of magnitude 
improvement 
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Accessing transversity in dihadron production at JLab  
Measurements with polarized protons  Measurements with polarized neutrons 

CLAS12 SoLID 
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           Pretzelosity 
Pretzelosity distribution 

6 GeV JLab E06-010, Y. Zhang et al., PR C 90, 055209 
(2014). 

Single spin asymmetry 

Chiral-odd.  NO gluon analogy. 
Interference of light-front wave functions differing by ΔL = 2. 
Measuring the difference between helicity and transversity, 
and hence relativistic effects. (spherically symmetric models) 

Relation to OAM (canonical) 

(model dependent) 

Measurement in SIDIS 

A global fit to 175 data from 
COMPASS, HERMES, and JLab 
found comparable with null signal 
hypothesis at 72% C.L.. 

C. Lefky, A. Prokudin, PR D 91, 034010 
(2015). 
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Q2=2.41 GeV2 Q2=2.41 GeV2 

SoLID Impact on Pretzelosity 

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

95% C.L. 

OAM: Lefky et al. (2015) 

SoLID projection 



SoLID projection based on 
Kang et al 2016 
parameterization. 

Tensor Charge  
Definition 

A fundamental QCD quantity.  Matrix element of local operators. 
Moment of transversity distribution. Valence quark dominant. 
Calculable in lattice QCD. 

SoLID impact 

Z. Ye et al.,  
PLB 767, 91 (2017) 

-0.5 0 0.5 1 1.5 2 2.5

u
T
gd

T
g

Wang et al. (2018)
Yamanaka et al. (2013)
Bhattacharya et al. (2016)
Abdel-Rehim et al. (2015)
Gockeler et al. (2005)
Cloet et al. (2008)
Wakamatsu (2007)
Pasquini et al. (2005)
Gamberg, Goldstein (2001)
Schweitzer et al. (2001)
Ma, Schmidt (1998)
Barone et al. (1997)
Schmidt, Soffer (1997)
                         He, Ji (1996)
Kim et al. (1996)
Kang et al. (2016)
Radici et al. (2015)
Goldstein et al. (2014)
Anselmino et al. (2013)
Ye et al. (2017)
JLab12 SoLID

Dyson-Schwinger equation Lattice QCD Models
Phenomenology Future experiment



SoLID projection based on 
Kang et al 2016 
parameterization. 

Tensor Charge  
Definition 

A fundamental QCD quantity.  Matrix element of local operators. 
Moment of transversity distribution. Valence quark dominant. 
Calculable in lattice QCD. 

SoLID impact 

Z. Ye et al.,  
PLB 767, 91 (2017) 

-0.5 0 0.5 1 1.5 2

u
T

gd
T

g

Wang et al. (2018)

Bhattacharya et al. (2016)

Alexandrou et al. (2017)

Kang et al. (2016)

Ye et al. (2017)

JLab12 SoLID

Models not shown

Dyson-Schwinger equation Lattice QCD
Phenomenology JLab12 SoLID



Constraint on Quark EDMs  

Constraint on quark EDMs with combined proton and neutron EDMs 

H. Gao, T. Liu, Z. Zhao, PRD 97, 074018 
(2018) 
 

du upper limit dd upper limit

Current	
  gT	
  +	
  current	
  EDMs 1.27×10-24e cm 1.17×10-24e cm
SoLID	
  gT	
  +	
  current	
  EDMs 6.72×10-25e cm 1.07×10-24e cm
SoLID	
  gT	
  +	
  future	
  EDMs 1.20×10-27e cm 7.18×10-28e cm

Include	
  10%	
  isospin	
  symmetry	
  breaking	
  uncertainty	
  
Sensitivity to new physics 

Three	
  orders	
  of	
  magnitude	
  
improvement	
  on	
  quark	
  EDM	
  limit	
  

Probe to 30 ~ 40 times higher scale 

Current quark EDM limit: 10-24e cm ~ 1 TeV 

Future quark EDM limit: 10-27e cm 30 ~ 40 TeV 



EIC Science: Imaging quarks and gluons in nucleons 

Talk Title Here 35 
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Scope & possible impact of EIC on 
Sivers’ Function measurements - Quark TMDs 
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Current data for Sivers asymmetry:
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Figure 2.14: Kinematic coverage in x and Q2 for the EIC compared to the coverage of the
planned JLab12 experiment. The kinematics of the existing experimental measurements are also
shown for comparison.

pected impact of data from the EIC us-
ing the parameterization from Ref. [70] as
an arbitrarily chosen model of the Sivers
function. This parameterization, denoted
theor

i

= F (x
i

, z
i

, P i

hT

, Q2

i

;a0) with the M
parameters a0 = {a0

1

, ..., a0
M

} fitted to exist-
ing data, serves to generate a set of pseudo-
data in each kinematic bin i. In each x

i

, Q2

i

,
z
i

and P i

hT

bin, the obtained values, value
i

,
for the Sivers function are distributed using
a Gaussian smearing with a width �

i

corre-
sponding to the simulated event rate at the
center-of-mass energy of

p
s = 45 GeV ob-

tained with an integrated luminosity of 10
fb�1. To illustrate the achievable statistical
precision, the event rate for the production
of ⇡± in semi-inclusive DIS was used, see, for
example, Fig. 2.15.

This new set of pseudo-data was then
analysed like the real data in Ref. [70].
Fig. 2.16 shows the result for the extraction
of the Sivers function for the valence and sea
up quarks. Similar results are obtained for
the down quarks as well. The central value
of f?u

1T

, represented by the red line, follows

by construction the underlying model. The
2-sigma uncertainty of this extraction, valid
for the specifically chosen functional form, is
indicated by the purple band. This precision,
obtainable with an integrated luminosity of
10 fb�1, is compared with the uncertainty
of the extraction from existing data, repre-
sented by the light grey band. It should be
emphasized that our current knowledge is re-
stricted to only a qualitative picture of the
Sivers function and the above analysis did
not take into account the model dependence
and the associated theoretical uncertainties.
With the anticipated large amount of data
(see Fig. 2.15 for a modest integrated lumi-
nosity 10 fb�1), we can clearly see that the
EIC will be a powerful facility enabling ac-
cess to TMDs with unprecedented precision,
and particularly in the currently unexplored
sea quark region. This precision is not only
crucial for the fundamental QCD test of the
sign change between the Sivers asymmetries
in the DIS and Drell-Yan processes, but also
important to investigate the QCD dynamics
in the hard processes in SIDIS, such as the
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Two orders of magnitude range in x-Q2 
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Figure 2.15: Four-dimensional representation of the projected accuracy for ⇡+ production in
semi-inclusive DIS o↵ the proton. Each panel corresponds to a specific z bin with increasing
value from left to right and a specific P

hT

bin with increasing value from top to bottom, with
values given in the figure. The position of each point is according to its Q2 and x value, within
the range 0.05 < y < 0.9. The projected event rate, represented by the error bar, is scaled
to the (arbitrarily chosen) asymmetry value at the right axis. Blue squares, black triangles and
red dots represent the

p
s = 140 GeV,

p
s = 45 GeV and

p
s = 15 GeV EIC configurations,

respectively. Event counts correspond to an integrated luminosity of 10 fb�1 for each of the
three configurations.

QCD evolution and resummation, matching
between the TMD factorization and collinear
factorization approaches, etc. Meanwhile, an
exploration of the sea quark Sivers function
will provide, for the first time, unique infor-
mation on the spin-orbital correlation in the
small-x region. The right panel of Fig. 1.3
in the Introduction (Section 1.2) showed the
kinematic reach of the EIC which would en-
able a measurement of the transverse mo-
mentum profile of the quark Sivers function
over a wide range in x, e.g. from the valence
to the sea quark region. Note that Fig. 1.3

showed the total up quark Sivers function,
while Fig. 2.16 shows the valence and the sea
quarks separately.

Here, we emphasize the importance of
the high Q2 reach of the EIC for SIDIS
measurements. Most of the existing ex-
periments focus on the Q2 range of a few
GeV 2. The EIC will, for the first time,
reach Q2 values up to hundreds and more
GeV 2. This will provide an unique oppor-
tunity to investigate the scale evolution of
the Sivers asymmetries, which has attracted
strong theoretical interests in the last few
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Figure 2.16: Comparison of the precision (2-� uncertainty) of extractions of the Sivers function
for the valence (left) u

v

= u � ū and sea (right) ū quarks from currently available data [70]
(grey band) and from pseudo-data generated for the EIC with energy setting of

p
s = 45 GeV

and an integrated luminosity of 10 fb�1 (purple band with a red contour). The uncertainty
estimates are for the specifically chosen underlying functional form.

years [78, 79, 80, 81, 82, 83]. As a lead-
ing power contribution in the spin asymme-
tries, the associated energy evolution unveils
the underlying strong interaction dynamics
in the hard scattering processes. The em-
bedded universality and factorization prop-
erty of the TMDs can only be fully inves-
tigated at the EIC with the planned kine-
matic coverage in Q2. In particular, the the-
ory calculations including evolution e↵ects
agree with the current constraints on the
quark Sivers function presented in Fig. 2.16,
while they do di↵er at higher values of Q2

[78, 79, 80, 81, 82, 83]. Moreover, a recent
study has shown that at the kinematics of
HERMES and COMPASS, the leading order
SIDIS su↵ers significant power corrections,
which however will diminish at higher Q2

[83]. This makes the EIC the only machine
to be able to establish the leading partonic
picture of the TMDs in SIDIS.

The kinematic reach of the EIC also al-
lows the measurement of physical observ-
ables over a wide transverse momentum

range. This is particularly important to un-
derstand the underlying mechanism that re-
sults in single spin asymmetries. Recent
theoretical developments have revealed that
both the transverse-momentum-dependent
Sivers mechanism and the quark-gluon-quark
correlation collinear mechanism describe the
same physics in the kinematic regions where
both approaches apply [84, 85]. The only
way to distinguish between the two and un-
derstand the underlying physics is to mea-
sure them over wide p

T

ranges. The high
luminosities at the EIC machine could pro-
vide a golden opportunity to explore and un-
derstand the mechanism of the transverse
spin asymmetries. In addition, with pre-
cision data in a large range of transverse
momentum, we shall be able to study the
strong interaction dynamics in the descrip-
tion of large transverse momentum observ-
ables and investigate the transition between
the non-perturbative low transverse momen-
tum region and the perturbative high trans-
verse momentum region.
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Gluon TMDs just as important, but no 
measurements yet! 

Possible to measure them at the EIC with the following 
possible measurement campaigns: 
$  Di-Jet or Di-hadron production through photon-gluon-

fusion process 
$  Heavy quark production  
$  Quarkonium production 
--- All with transversely polarized hadrons in e-p, e-Alight  
 
These measurements were thought of but not fully vetted for prime-
time simulations studies (other than di-meson production) before the 
EIC-White Paper. Now these studies are timely. 
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Figure 2.17: The single transverse spin asymmetry for �⇤N" ! D0D̄0 + X, where � is the
azimuthal angle between the total transverse momentum k0? of the D-D̄ pair and the transverse
polarization vector S? of the nucleon. The asymmetries and the experimental projections are
calculated for two di↵erent k0? = 0.75, 1.5GeV as examples. The kinematics are specified by
hW i = 60GeV, hQ2i = 4GeV2.

2.3.3 Summary

The EIC will be a unique facility to systematically investigate the transverse momentum
dependent parton distributions comprehensively. While the measurements of quark TMDs
have begun in fixed target experiments, the gluon TMDs can only be studied at an EIC, and
such studies would be unprecedented. The QCD dynamics associated with the transverse
momentum dependence in hard processes can be rigorously studied at the EIC because
of its wide kinematic coverage. The comparison of the Sivers single spin asymmetry and
Boer-Mulders asymmetry between DIS and Drell-Yan processes can provide an important
test of the fundamental prediction of QCD. In summary, we list these important science
questions to be addressed at the EIC in Table 2.2.

Deliverables Observables What we learn

Sivers & SIDIS with Quantum Interference & Spin-Orbital correlations

unpolarized Transverse 3D Imaging of quark’s motion: valence + sea

TMD quarks polarization; 3D Imaging of gluon’s motion

and gluon di-hadron (di-jet) QCD dynamics in a unprecedented Q2 (P
hT

) range

Chiral-odd SIDIS with 3rd basic quark PDF: valence + sea, tensor charge

functions: Transverse Novel spin-dependent hadronization e↵ect

Transversity; polarization QCD dynamics in a chiral-odd sector

Boer-Mulders with a wide Q2 (P
hT

) coverage

Table 2.2: Science Matrix for TMD: 3D structure in transverse momentum space: (upper) the
golden measurements; (lower) the silver measurements.
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•  Three-dimensional imaging of nucleon helps solve the 

remaining puzzle to the proton spin, and uncovers the rich 
dynamics of QCD, TMDs also uncover the confined motion of 
quarks and gluons inside the nucleon 

•  Rich TMD Physics program at 12-GeV JLab 
–  CLAS12, SBS, and Hall C  
–  SoLID SIDIS program with unprecedented precision on TMDs 
–  Flavor separation of tensor charge with high precision - impact on 

lattice QCD calculations, EDM experiments, …. 
•  TMDs at EIC: Sea quark region and the gluons, together 

with 12-GeV, provide full tomography of nucleons in 
momentum space 
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