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§    Introduction: SIDIS - Convolution of PDFs and Fragmentation Functions  
§  Results from JLab 6 GeV Experiments and 12 GeV Program 
§  Multi-Hall SIDIS Program           
Ø  Hall C:  high luminosity/small acceptance 
       cross sections, L/T separation, PT study  
Ø  Hall B: medium luminosity/large acceptance, polarized p 
Ø  Hall A/SBS: high luminosity/medium acceptance, polarized n 
Ø  Hall A/SoLID: high luminosity/large acceptance with polarized n/p 
                            precision 4-d mapping of TMD asymmetries  
§    Summary 
 
      Thanks to my colleagues for help with slides:  Transversity/Hall A and SoLID collaborators  
         and D. Gaskell, R. Ent for Hall C slides, A. Puckett … for SBS slide 



Introduction: SIDIS 

1-d: Spin-Flavor Structure and Fragmentation Functions   
3-d: TMDs: Transverse Momentum Dependent PDFs and 

Transverse Momentum Dependent Fragmentation Functions  

x=0.1 



}  Flavor	  tagging	  for	  spin-‐flavor	  study	  
}  Gold	  mine	  for	  TMDs 
}  Access	  all	  eight	  leading-‐twist	  TMDs	  
through	  spin-‐comb.	  &	  azimuthal-‐
modulaBons	  

}  Tagging	  quark	  flavor/kinemaBcs	  



1-d: Spin Flavor Structure 
•  SIDIS for flavor tagging: (PT integrated)  
1.     unpolarized:  E00-108, E12-06-104, E12-09-002, E12-09-011, E12-09-017, 

E12-13-007 @ Hall C              
 L/T separations for both pions and Kaons, study factorization  

2.     polarized lepton on longitudinally polarized nucleon  
 HERMES/COMPASS/JLab6    

             JLab12: e-p (E12-06-109 @ Hall B) 
              e-n (3He) (PR12-09-013, PR12-14-008,  E12-11-007 @ Hall A)  
              tagging pi+, pi-, K+, K- 
           8 observables + 2 from inclusive channels 
           LO:    à 6 polarized light quark PDFs + 4 fragmentation functions 
           NLO: some combinations might help to work at NLO level 
           in general: global fits (combining with e+e- and pp, …)  
•  Issues:  
1.   experimentally only finite PT range covered 
2.  in current fragmentation region? more significant for Kaons: Kaon FF? 
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TMD Fragmentation Functions 

INT-18-3, SeattleGunar Schnell 
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Access TMDs through Hard Processes 

Partonic scattering amplitude 

Fragmentation amplitude 

Distribution amplitude 
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JLab 6 GeV SIDIS Experiments  
 

•  Demonstrate Feasibility  
•  Initial study on PT spin-flavor dependence  
•  First measurements with transversely polarized 3He (neutron)  



Is JLab Energy High Enough? 
•  To extract TMDs from SIDIS, more demanding in energy than in DIS 
•  Is JLab 12 GeV and/or 6 GeV energy high enough? 

           

Hall C E00-108 Exp.

T. Navasardyan et al. PRL 98, 022001 (2007)

e + LH
2
/LD

2
 → e' + p+/p- + X

R. Asaturyan et al. PRL 85, 015202 (2012)

Low Energy SIDIS xsec reproduced by calculation using high energy parameters and PDF

Doors are opened for SIDIS program at JLab 

Ebeam=5.5 GeV

TMD – ECT*/Trento/04/2016 E. Cisbani / TMDs@JLab-HallA/C no SoLID 17

bands evaluated using CTEQ PDFs



Unpolarized TMD: Flavor PT Dependence? 

A. Bacchetta, Seminar @ JLab, JHEP 1311 (2013) 194 

up quark                   down quark 
ky 

ky 

kx kx 



Flavor PT Dependence from Theory 
§ Chiral quark-soliton model (Schweitzer, Strikman, Weiss, JHEP, 1301 (2013) 

 à  sea wider tail than valance  

• Flagmentation model, Matevosyan, Bentz, Cloet, Thomas, PRD85 (2012) 
  à unfavored pion and Kaon wider than favored pion 
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Hall C Results: Flavor PT Dependence 
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Hall A SIDIS Cross Section Results  
From E06-010 (Transversity):   

pi+ results       Φh  (rad) 
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FIG. 7. (color online). The differential cross sections in 3D bins: the π+ SIDIS production channel. The red circles are from
the data, the black solid lines are from the model [17], the blue dashed lines are from the model [15] and the green dotted lines
are from the model [16]. The error bars represent the statistical uncertainties of the data. The error band on the bottom of
each panel represents the experimental systematic uncertainty.
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FIG. 8. (color online). The differential cross sections in 3D bins: the π− SIDIS production channel. The definitions of the
markers, the lines and the bands are the same as the figure above for the π+ channel.

D. The ratios of cross sections1181

The comparisons of the ratios (from the data and the1182

model) of SIDIS π+ production cross sections over SIDIS1183

π− production cross sections in pseudo-1D xbj bins are1184

shown in Fig. 13. The model parameters are the same1185

as in section VA. The systematic uncertainties from the1186

acceptance and efficiency of electron detection in the Big-1187

Bite, are not included in the bottom systematic error1188

band, as the electron part is the same in the SIDIS π±
1189

production.1190

In the plot, the error bars of the data points are for1191

the statistical uncertainties of the data. The error bars of1192

the model points are for the model uncertainties. In this1193

study, the model uncertainties are defined by the quadra-1194

ture combination of the differences of the ratios with and1195

without the contribution from the Boer-Mulders terms,1196

changing the width ⟨k2
⊥⟩ to 2⟨k2

⊥⟩ and changing ⟨p2
⊥⟩1197

to 2⟨p2
⊥⟩. The Boer-Mulders effects in the π± produc-1198

tion channels have opposite signs, and the changes of the1199

cross section ratios due to turning off the Boer-Mulders1200

contributions are 1% to 4%. The flavor dependence of1201

the widths has not been included in the model, thus the1202

widths do not differ in channels of the π± production.1203

Theoretically, if the π± SIDIS production cross sections1204

have the same transverse momentum dependence, their1205

ratios at the same kinematics will be independent of the1206

widths. Due to the very small differences between the1207

pi+ and pi- production on He3 
X. Yan et al., Hall A Collaboration,  PRC 95 (2017) 035209 



Hall A Results: Transverse Momentum  dependence 

no modulation 

average quark transverse momentum distribution squared  
vs. average quark transverse momentum in fragmentation squared  
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FIG. 14. (color online). Results of B in 3D bins from the A · (1 − B · cos φh) fit.
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FIG. 15. (color online). Fitting contours with the functional
form of the total unpolarized SIDIS cross section (refer to the
text). The top panel is for the fitting results using the 2D
bins (10 × 10) data, the bottom panel for the 3D bins (2 × 5
× 10). The central values of the fitting are the black crosses.
The three contours from the smallest to the largest in each
panel correspond to δχ2 = 1, 2.3 and 6.2, respectively.

higher-twist terms in the SIDIS process are not as large as1336

expected. It is also possible that the higher-twist contri-1337

butions have been absorbed into the lowest-twist model1338

by changing the parameters (⟨k2
⊥⟩ and ⟨p2

⊥⟩). On the1339

other hand, besides the general agreement between the1340

simple model and the data in this study, sizable differ-1341

ences exist in some of the kinematic ranges. These dif-1342

ferences might be related to the higher-twist terms. The1343

higher-twist terms might also be responsible for the very1344

different ⟨k2
⊥⟩ values found in this study and from the1345

studies [5, 15–17]. A discussion about the potential ef-1346

fect from the higher-twist terms on determining the ⟨k2
⊥⟩1347
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FIG. 16. (color online). Fitting contours with the functional
form of the non-modulated unpolarized SIDIS cross section
(F cos φh

UU and F
cos 2φh

UU set to zero: refer to the text). The top
panel is for the fitting results using the 2D bins (10 × 10) data,
the bottom panel for the 3D bins (2 × 5 × 10). The central
values of the fitting are the black crosses. The three contours
from the smallest to the largest in each panel correspond to
δχ2 = 1, 2.3 and 6.2, respectively.

can be found in [15].1348

Clearly, high-precision data in the modest Q2 range1349

with a full azimuthal angular coverage will provide op-1350

portunities to study the details of the higher-twist terms1351

and their effects on the azimuthal angular modulations.1352

The future 12 GeV SIDIS programs at JLab with SoLID1353

combining high luminosities and a large acceptance in-1354

cluding a full azimuthal angular coverage [61, 62] will1355

provide high-precision data of the SIDIS differential1356

cross sections as well as the azimuthal modulations in1357

multi-dimensional bins covering a broad kinematic range.1358

with modulation 



Planned Precision TMD Studies with JLab 12  
 

Multi-Hall Program, SoLID 



Precision Study of TMDs: JLab 12 GeV 

•  Explorations: HERMES, COMPASS, RHIC-spin, JLab6,… 
•  From exploration to precision study  
      JLab12: valence region 
      Transversity: fundamental PDFs, tensor charge 
•  TMDs: 3-d momentum structure of the nucleon 
        à information on quark orbital angular momentum 
        à information on QCD dynamics 
•  Multi-dimensional mapping of TMDs 
•  Precision à high statistics 

•  high luminosity and/or large acceptance 



H2 D2 

Hall	  C/SHMS	  
L -‐ T 	   s t u d i e s ,	  
p r e c i s e	   π + /π - 
ra,os	  

3He, NH3 

Hall	  A/SBS	  
High	  x	  -‐	  Q2,	  2-‐3D	  

Hall	  A/SOLID	  
High	  Lumi	  and	  
acceptance	  –	  4D	  

H2/D2, 
NH3/ND3, HD 

Hall	  B/CLAS12	  
General	  survey,	  
medium	  
luminosity	  

JLab	  12:	  MulB-‐Halls	  TMD	  Program



Hall C – Cross Sections in SIDIS 

R = σL/σT in SIDIS (ep à e’π+/-X) 

σ f Cross section measurements with magnetic focusing 
spectrometers (HMS/SHMS) will play important role in 
JLab SIDIS program 
à Demonstrate understanding of reaction mechanism, 

test factorization 
à Able to carry out precise comparisons of charge 

states, π+/π- 
à Complete φ dependence at small PT, access to large 

PT at fixed φ
 

SHMS/HMS will allow 
precise L-T separations 
à Does RDIS = RSIDIS? 
 

Measure PT 
dependence to 
access kT depedence 
of parton distributions 
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Hall C SIDIS Program – HMS+SHMS 

6	  GeV	  
phase	  
space	  

11	  
GeV	  
phase	  
space	  

E00-‐108	  (6	  GeV)	  

E12-‐09-‐017	  
Scan	  in	  (x,z,PT)	  
+	  scan	  in	  Q2	  

	  	  	  at	  fixed	  x	  

E12-‐09-‐002	  
+	  scans	  in	  z	  

E12-‐06-‐104	  
L/T	  scan	  in	  (z,PT)	  
No	  scan	  in	  Q2	  at	  
fixed	  x:	  RDIS(Q2)	  
known	  

Charged	  pions:	  

Accurate cross sections 
for validation of SIDIS 
factorization framework 
and for L/T separations 

Courtesy R. Ent 



Hall C SIDIS Program – HMS+SHMS+NPS 

6	  GeV	  
phase	  
space	  

E00-‐108	  (6	  GeV)	  

Accurate cross sections 
for validation of SIDIS 
factorization framework 
and for L/T separations 

E12-13-007 
Neutral	  pions:	  
Scan	  in	  (x,z,PT)	  
Overlap	  with	  
E12-‐09-‐017	  &	  
E12-‐09-‐002	  
Parasitic with 
E12-13-010 

Courtesy R. Ent 
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E12-09-017: Transverse Momentum 
Dependence of Semi-Inclusive Pion 

Production 

FIG. 5. Fit parameters (crosses) and two-standard-deviation contours from the
seven-parameter fit to the data shown in Fig. 4: a) u quark kt transverse momentum dis-
tribution width squared µ2

u versus favored fragmentation pt distribution width squared µ2
+; b)

µ2
d versus µ2

−; c) µ2
u versus µ2

d; d) µ2
− versus µ2

+. The large dot near the bottom of panel c is
from a di-quark model [27]. The dashed line in panels c and d indicate µ2

u = µ2
d and µ2

− = µ2
+,

respectively.

µ+, respectively), the fit finds a clear preference for µu to be smaller than µ+ as shown
in Fig. 5a. On the other hand, the fit finds µd and µ− to be of the same magnitude and
not strongly correlated, as shown in Fig. 5b.

The fit tends to favor a larger kt width for d quarks (µ2
d = 0.22 ± 0.13 GeV2) than

for u quarks (µ2
u = −0.01 ± 0.04 GeV2), as illustrated in Fig. 5c, although the error

on the d quark width is relatively large. The tendency is consistent with a di-quark
model [27] in which the d quarks are only found in an axial di-quark, while the u quarks
are predominantly found in a scalar di-quark. If the axial and scalar di-quarks have
different masses, for example 0.9 and 0.6 GeV, then the d quark distribution falls off
more slowly with kt than the u quark distribution.

In this model, the distributions show considerable deviation from an exponential
falloff, but if we take the slope at the origin, the corresponding widths are µ2

u = 0.04 and
µ2

d = 0.08 GeV2, as illustrated by the solid dot in Fig. 5c. Fixing the quark widths to these
values still gives a reasonable fit to our data (χ2 = 81 for 75 degrees of freedom). The
magnitude of both widths is moderately sensitive to the choice of the model parameter
λ0 (we used 0.6 GeV), although the difference in widths is largely driven by the difference
in axial and scalar di-quark masses (for example, increasing the axial di-quark mass to
1.4 GeV increases µ2

d to 0.25 GeV2, which is the central value of our fit). Using the fit

11

Experiment goal: Extract information about transverse distribution 
of up and down quarks by measuring PT dependence of π+/π- cross 
sections and ratios from LH2 and LD2 

Results from Hall C 6 GeV data 

Spokespersons: P. Bosted, R. Ent, E. Kinney, H. Mkrtchyan 

Pt = pt + z kt  
+ O(kt

2/Q2) 

Transverse momentum of pion = convolution of 
kt of quark and pt generated during fragmentation 
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E12-09-017 Status 

Ratios of LH2  
π+ yields to: 

π+ from LD2 

π- from LD2 

π- from LH2 

π+ from Al 

π- from Al 

PT=0 

•  Ran for about 28 days in 
Spring 2018 

•  Ran for another 2 weeks in 
Fall 2018 to complete 
experiment 

à  Initial raw yield ratios look 
reasonable 

à High precision ratios will 
require more detailed analysis 
– understanding tracking at 
high rates in new SHMS in 
particular (also important for 
E12-09-002) 

Kinematics: 
1.  x=0.31, Q2=3.1 GeV2 

à z=0.9-0.45 at PT=0, PT=0-0.6 at z=0.35 
2.  x=0.3, Q2=4.1 GeV2 

à z=0.9-0.45 at PT=0, PT=0-0.6 at z=0.35 
3.  x=0.45, Q2=4.5 GeV2 

à z=0.9-0.45 at PT=0, PT=0-0.6 at z=0.35 
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E12-09-002: Charge Symmetry Violating 
Quark Distributions via π+/π- in SIDIS 

Experiment: Measure Charged pion electroproduction in semi-inclusive DIS off deuterium    

SHMS 

HMS 
Ratio of π+/π- cross sections 
sensitive to CSV quark 
distributions 

δd-δu    where 
δd=dp-un and δu=up-dn 

à                             extraction relies on the implicit assumption of 
charge symmetry  
à  Viable explanation for NuTeV anomaly à  
à  CS is a necessary condition for many relations between 
structure functions 
 

u(x) 6= d(x)
<latexit sha1_base64="eJYlrcwGqALvFLecU0+nm8+feGA=">AAACDXicbVDLSgMxFM3UV62vUZduglWomzKjgi6LblxWsA9oh5LJZNrQTDImGbEM/QE3/oobF4q4de/OvzHTDqitBwKHc+7h5h4/ZlRpx/myCguLS8srxdXS2vrG5pa9vdNUIpGYNLBgQrZ9pAijnDQ01Yy0Y0lQ5DPS8oeXmd+6I1JRwW/0KCZehPqchhQjbaSefdAVxs7SaTKu3B/BLie38EcMMrFnl52qMwGcJ25OyiBHvWd/dgOBk4hwjRlSquM6sfZSJDXFjIxL3USRGOEh6pOOoRxFRHnp5JoxPDRKAEMhzeMaTtTfiRRFSo0i30xGSA/UrJeJ/3mdRIfnXkp5nGjC8XRRmDCoBcyqgQGVBGs2MgRhSc1fIR4gibA2BZZMCe7syfOkeVx1T6rO9Wm5dpHXUQR7YB9UgAvOQA1cgTpoAAwewBN4Aa/Wo/VsvVnv09GClWd2wR9YH9+BjZvQ</latexit>

IN addition, precise cross sections and π+/π- ratios will provide 
information on SIDIS reaction mechanism at JLab energies  

Spokespersons: W. Armstrong, D. Dutta, D. Gaskell, K. Hafidi 
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E12-09-002 Status 

-0.2

-0.1

-0

0.1

0.2

0.3

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

x
C

(x
)

MRST parameterization

Projected errors for Q
2
 = 4 GeV

2

Projected errors for Q
2
 = 5 GeV

2

Projected errors for Q
2
 = 6.09 GeV

2

4 GeV2 
4.75 GeV2 
5.5 GeV2 

Fall 2018 

2019 

E12-09-002 took data at lower Q2 values in Fall 2018 
à Data taking for largest x, Q2 in progress now! 
à  In addition to data on deuterium for CSV 

extraction, took data on hydrogen for cross 
sections, factorization checks 

6

     D2 Target SHMS DELTA

Setting 13-1 : SHMS at -ve polarity :  Setting 14-1 : SHMS at +Ve Polarity : z = 0.7, 
         x = 0.55, Q2  = 4.764 GeV2 ,P

hms
 = -5.983 GeV/c,  P

shms
 = ±3.229 GeV , Ѳ

hms
 = 15.75◦ ,Ѳ

shms
 = 18.55◦   

Yield Super ratio of 
  [(pi+ / pi-) data] / [(pi+ / pi-) simc]

Simc
Data

Simc
Data

Pi+/Pi- Simc
Pi+/Pi- Data

Pi+ : Data/Simc Pi- : Data/Simc

Barely offline results 
à Ratios roughly consistent with MC expectation 
à One setting out of 8 taken in Fall 2018 
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•  Full exploitation of JLab 12 GeV Upgrade to maximize scientific return 
A Large Acceptance Detector AND Can Handle High Luminosity (1037-1039) 

•  Reach ultimate precision for tomography of the nucleon  
•  PVDIS in high-x region - providing sensitivity to new physics at 10-20 TeV 
•  Threshold J/Psi - probing strong color fields in the nucleon and the origin of its 

mass (trace anomaly )	  	  	  
	  
	  
	  
	  
	  
	  
	  

• Strong collaboration (300 collaborators from 72 institutions, 13 countries) 
•  Significant international contributions 
•  Strong theoretical support 

• 	  2015 LRP recommendation IV 
•  We recommend increasing investment in small-scale and mid-scale projects 

and initiatives that enable forefront research at universities and laboratories – 
SoLID – mid-scale project 



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

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

E12-‐11-‐007:	  	  	  	  	  Single	  and	  Double	  Spin	  
Asymmetries	  on	  3He,	  ra,ng	  A	  

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

Key of SoLID-Spin program: 
Large Acceptance ���
+ High Luminosity���
 à 4-D mapping of asymmetries ���
à Tensor charge, TMDs …
à Lattice QCD, QCD Dynamics, 
Models.
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Three run group experiments: DiHadron, Ay and SIDIS-Kaon 



SoLID: a Bridge to EIC Science on full imaging of nucleons 

3D	  Gluon	  distribuBons	  

Polarized	  Quark	  3D	  Momentum	  distribuBons	  
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Bhattacharya et al. (2016)
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JLab12 SoLID

Models not shown

Dyson-Schwinger equation Lattice QCD
Phenomenology JLab12 SoLID

(TMD examples)	  

Transversity: valence quark effect 



Collins Asymmetry: Transversity and Collins FF 
 

Transverse Spin, Tensor Charge 



	  	  	  JLab6:	  3He	  (n)	  Target	  Single-‐Spin	  Asymmetry	  in	  SIDIS	  

−+↑ = ππ ,),',(n hhee

neutron	  	  Sivers	  SSA:	  
negative	  for	  π+,	  	  
Agree	  with	  Torino	  Fit	  	  	  	  

	  neutron	  Collins	  SSA	  small	  	  
Non-‐zero	  at	  highest	  x	  for	  π+	  

Blue	  band:	  model	  (fitting)	  uncertainties	  	  
Red	  band:	  other	  systematic	  uncertainties	  

 JLab E06-010 collaboration,  X. Qian at al., PRL 107:072003(2011) 



	  Transversity	  from	  SoLID	  
§  Collins	  Asymmetries	  ~	  	  Transversity	  	  (x)	  	  Collin	  FuncBon	  
§  Transversity:	  chiral-‐odd,	  not	  couple	  to	  gluons,	  valence	  behavior,	  largely	  unknown	  	  	  
§  Global	  model	  fits	  to	  experiments	  (SIDIS	  	  and	  e+e-‐)	  	  
§  SoLID	  with	  trans	  polarized	  n	  &	  p	  à	  Precision	  extracBon	  of	  u/d	  quark	  transversity	  
§  CollaboraBng	  with	  theory	  group	  (N.	  Sato,	  A.	  Prokudin,	  …)	  on	  impact	  study	  	  

Collins Asymmetries 

PT vs. x for one (Q2, z) bin  
Total > 1400 data points  

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



	  Tensor	  Charge	  from	  SoLID	  
§  Tensor	  charge	  	  (0th	  moment	  of	  transversity):	  fundamental	  property	  
	  	  	  	  	  	  LaZce	  QCD,	  Bound-‐State	  QCD	  (Dyson-‐Schwinger)	  ,	  …	  	  	  
§  SoLID	  with	  trans	  polarized	  n	  &	  p	  à	  determinaBon	  of	  tensor	  charge	  

Tensor Charges 

SoLID	  projec,ons	  

Extrac,ons	  from	  
exis,ng	  data	  	  

LQCD	  

	  DSE	  
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Models not shown

Dyson-Schwinger equation Lattice QCD
Phenomenology JLab12 SoLID



Sivers Function 
 

3-D Imaging, QCD Dynamics 



   JLab6: 3He (n) Target Single-Spin Asymmetry in SIDIS 

−+↑ = ππ ,),',(n hhee

neutron	  	  Sivers	  SSA:	  
negative	  for	  π+,	  	  
Agree	  with	  Torino	  Fit	  	  	  	  

	  neutron	  Collins	  SSA	  small	  	  
Non-‐zero	  at	  highest	  x	  for	  π+	  

Blue	  band:	  model	  (fitting)	  uncertainties	  	  
Red	  band:	  other	  systematic	  uncertainties	  

 E06-010 collaboration,  X. Qian at al., PRL 107:072003(2011) 



Hall A SBS Projection: pi/K Sivers  

11 GeV SIDIS: Expected EHects

E12-09-018

Prokudin model fit

Squeeze model uncertainty corridor
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kaons

pions



 Mapping Sivers Asymmetries with SoLID 
§  Sivers	  Asymmetries	  ~	  	  Sivers	  FuncBon	  	  (x,	  kT,	  Q2)	  	  (x)	  

FragmentaBon	  FuncBon	  (z,	  pT,Q2)	  
§  Leading-‐twist/not	  Q	  power	  suppressed:	  Gauge	  Link/	  QCD	  

Final	  State	  InteracBon	  
§  Transverse	  Imaging	  
§  QCD	  evoluBons	  	  	  	  
§  SoLID:	  precision	  mulB-‐d	  mapping	  
§  CollaboraBng	  with	  theory	  group:	  impact	  study	  

Sivers Asymmetries 

PT vs. x for one (Q2, z) bin  
Total > 1400 data points  
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Summary 

•  TMDs:  
           both TMD pdfs and TMD FFs 
           transverse spin, tensor charge 
           QCD dynamics, quark orbital angular momentum 
  angular correlations in fragmentation process 
•  JLab-SIDIS Program 
          Multi-Hall to study TMDs from all directions 
          Precision multi-dimensional mapping in the valence region 
   

      EIC will expand the study to sea quarks and gluons 
 

 



Related News from China 

•  BESIII  
 Collins FF (pion) Extraction: PRL 116 (2016) 042001 
 Kaon data under analysis 
 PT dependence under analysis 

  
•  EIC @ China (EicC) is under intense discussions 
          polarized e, polarized p: 3.5 x 20 GeV, luminosity ~ (2- 4) x 1033 

          COM energy range: (3-5) x (15-25) GeV  à   sqrt(s) ~ 10-20 GeV 
          also polarized d, 3He, unpolarized ions up to Uranium 
          Kinematics region complementary to JLab12/US-EIC 
   
•  hadron-China2019: 8/22-28/2019 at Nankai University, Tianjin, China   
               https://indico.ihep.ac.cn/event/8987/ 
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SRing 

MRing 

HFRS 

eRing 

Interac,on	  regions	  

Electron injector: 
SRF Linac-ring 
3.5GeV 
Top-up  

25GeV p + 3.5GeV e 
      √𝑺 =18.7GeV 

BRing 

The whole layout of EicC-1- New design   

pRing 

3.5 GeV 
C: 822 m 

 Polarized electron 
 

25 GeV 
C: 1347 m 

Polarized proton 
 

Ø  Figure-8 shape ion collider with four long straight sections – detector and cooler 
Ø  Two interaction points for detectors  
Ø  The high luminosity 2 x1033 cm-2s-1, 4 x1033 cm-2s-1   

Main changes 

Bunched cooler 
14 MeV 

ERL circulator  

DC cooler 
Siberia snake 



Machine Kinematics	�

EicC-I:  4x10-3 < x < ~ 1  region 
1)  Valance- and sea-quark  



Extras/ Backups 



TMDs and Orbital Angular Momentum  
 

Pretzelosity (ΔL=2), Worm-Gear (ΔL=1), 
Sivers: Related to GPD E through Lensing Function 

 



 TMDs: Access Quark Orbital Angular Momentum 
§  TMDs	  :	  CorrelaBons	  of	  transverse	  moBon	  with	  quark	  spin	  and	  orbital	  moBon	  	  
§  Without	  OAM,	  off-‐diagonal	  TMDs=0,	  	  
	  	  	  	  	  	  no	  direct	  model-‐independent	  relaBon	  to	  the	  OAM	  in	  spin	  sum	  rule	  yet	  
§  Sivers	  FuncBon:	  QCD	  lensing	  effects	  
§  In	  a	  large	  class	  of	  models,	  such	  as	  light-‐cone	  quark	  models	  
	  	  	  	  	  	  	  	  	  Pretzelosity:	  ΔL=2	  (L=0	  and	  L=2	  interference	  ,	  	  	  L=1	  and	  -‐1	  interference)	  
	  	  	  	  	  	  	  	  	  Worm-‐Gear:	  ΔL=1	  (L=0	  and	  L=1	  interference)	  	  	  
§  SoLID	  with	  trans	  polarized	  n/p	  à	  quan,ta,ve	  knowledge	  of	  OAM	  

SoLID Projections 
Pretzelosity 



Pretzelosity Results on Neutron	  
(from	  E06-‐010)	  

Extracted	  Pretzelosity	  Asymmetries	  	  

	  In	  models,	  
directly	  related	  
to	  OAM,	  
L=0	  and	  L=2	  	  
interference	  

Y. Zhang, et al., PRC 90 5, 055209(2014)   



6	  GeV	  Explora,on:	  Asymmetry	  ALT	  Results	  

•  neutron	  	  ALT	  :	  	  	  	  	  Posi,ve	  for	  π-‐	  	  
•  Consist	  w/	  model	  in	  signs,	  suggest	  larger	  asymmetry	  

h
q

q
TLT DgFA shsh

11
)cos()cos(

LT ⊗∝∝ −− φφφφ

To leading twist: 

E06-010,  J. Huang et al., PRL. 108, 052001 (2012). 

Worm-Gear 

Dominated by L=0 (S) and L=1 (P) interference 
Trans helicity 



Worm-gear Functions 
SoLID Projections  

•  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
⊥⊥ ⊗

TOT	  

g1T 
(1) 

S-‐P	  int.	  

P-‐D	  int.	  

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

SoLID Neutron Projections, 	  



24Alexei Prokudin

 What do we learn from 3D distributions? 

  

The slice is at: 

Low-x and high-x region
is uncertain 
JLab 12 and EIC will
contribute

No information on sea 
quarks

Picture is still quite 
uncertain

46 



25Alexei Prokudin

 What do we learn from 3D distributions? 

  

The slice is at: 

Low-x and high-x region
is uncertain 
JLab 12 and EIC will
contribute

No information on sea 
quarks

In future we will obtain 
much clearer picture 
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	  Nuclear	  Effect	  in	  3He	  for	  neutron	  TMD	  Study	  

•  EffecBve	  polarizaBon	  
•  PWIA	  
•  FSI	  through	  distorted	  spectral	  funcBon 	  

Alessio Del Dotto et al., 
Few Body Syst. 56 (2015) 
425-430 ; 
arXiv1602.06521 ;  
EPJ Web Conf. 113 (2016) 
05010. 

31

Preliminary results for Collins and Sivers Asymmetries

● The e6ective polarizations p
p(n) 

di6ers by 15-20%, but they have to be 

considered in combination with the dilution factor and the products in 

the asymmetries extraction change very little

● Therefore, the extraction procedure seems to be safe

● The extraction procedure can be carefully tested in MC simulating the 

phase space of the JLab 3He target dedicated experiments 

Ref: Few Body Syst. 56 (2015) 425-430 ; arXiv:1602.06521 ;  EPJ Web Conf. 113 (2016) 

05010.   

TMD – ECT*/Trento/04/2016 E. Cisbani / TMDs@JLab-HallA/C no SoLID 31

Courtesy of Alessio Del Dotto



Kinematic domain (Q2, xB) and DVCS world data  
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