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Spin as a knob （自旋在物理学中的重要性）	
  	
  
•  Spin	
  Milestones:	
  (Nature)	
  

!  1896:	
  Zeeman	
  effect	
  (milestone	
  1)	
  
!  1922:	
  Stern-­‐Gerlach	
  experiment	
  (2)	
  
!  1925:	
  Spinning	
  electron	
  (Uhlenbeck/Goudsmit)(3)	
  
!  1928:	
  Dirac	
  equaJon	
  (4)	
  
!  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Quantum	
  magneJsm	
  (5)	
  
!  1932:	
  Isospin(6)	
  
!  1935:	
  Proton	
  anomalous	
  magneJc	
  moment	
  
!  1940:	
  Spin–staJsJcs	
  connecJon(7)	
  
!  1946:	
  Nuclear	
  magneJc	
  resonance	
  (NMR)(8)	
  
!  1971:	
  Supersymmetry(13)	
  
!  1973:	
  MagneJc	
  resonance	
  imaging(15)	
  
!  1980s:	
  “Proton	
  spin	
  crisis”	
  
!  1990:	
  FuncJonal	
  MRI	
  (19)	
  
!  1997:	
  Semiconductor	
  spintronics	
  (23)	
  
!  2000s:	
  “New	
  breakthrough	
  in	
  spin	
  physics”?	
  

Pauli	
  and	
  Bohr	
  watch	
  
a	
  spinning	
  top	
  

Nature:	
  h6p://www.nature.com/milestones/milespin/index.html	
  	
  

topological	
  insulator,	
  quantum	
  anomalous	
  Hall	
  effect,	
  etc..	
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Outline 
•  Introduction 
•  Few selected examples 

– Nucleon Form factors and Proton charge 
radius puzzle 

– Proton spin puzzle and tomography 
– Parity-violating electron scattering 

•  Future outlook and Summary 



QCD: still unsolved in non-perturbative region	



•  2004 Nobel prize for ``asymptotic freedom’’	


•  non-perturbative regime QCD ?????	


•  One of the top 10 challenges for physics!	


•  QCD: Important for discovering new physics beyond SM	


•  Nucleon structure is one of  the most active areas  	



Gauge bosons: gluons (8)	
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1960:	
  	
  ElasJc	
  e-­‐p	
  scaZering	
  

Nobel	
  Prize	
  	
  
In	
  Physics	
  1961	
  

Robert	
  Hofstadter	
  

"for	
  …	
  and	
  for	
  his	
  thereby	
  achieved	
  discoveries	
  
concerning	
  the	
  structure	
  of	
  the	
  nucleons"	
  

Form factors ! Charge distributions

O6o	
  Stern	
  

Nobel	
  Prize	
  	
  
In	
  Physics	
  1943	
  

"for	
  …	
  and	
  for	
  his	
  discovery	
  of	
  the	
  magne7c	
  moment	
  
of	
  the	
  proton".	
  

1933:	
  	
  Proton’s	
  magneJc	
  moment	
  

g 6= 2

1969:	
  	
  Deep	
  inelasJc	
  e-­‐p	
  scaZering	
  

Nobel	
  Prize	
  in	
  Physics	
  1990	
  
Jerome	
  I.	
  Friedman,	
   Henry	
  W.	
  Kendall,	
   Richard	
  E.	
  Taylor	
  

"for	
  their	
  pioneering	
  inves7ga7ons	
  
concerning	
  deep	
  inelas7c	
  sca9ering	
  of	
  
electrons	
  on	
  protons	
  …".	
  

1974:	
  QCD	
  AsymptoJc	
  Freedom	
  

Nobel	
  Prize	
  in	
  Physics	
  2004	
  
David	
  J.	
  Gross,	
   H.	
  David	
  Politzer,	
   Frank	
  Wilczek	
  

"for	
  the	
  discovery	
  of	
  asympto7c	
  
freedom	
  in	
  the	
  theory	
  of	
  the	
  strong	
  
interac7on".	
  

What	
  is	
  inside	
  the	
  proton/neutron?	
  



Lepton scattering: powerful  microscope! 
•  Clean	
  probe	
  of	
  hadron	
  structure	
  
•  Electron	
  (lepton)	
  vertex	
  is	
  well-­‐known	
  from	
  QED	
  

•  One-­‐photon	
  exchange	
  dominates,	
  higher-­‐order	
  	
  
	
  	
  	
  	
  	
  exchange	
  diagrams	
  are	
  suppressed	
  (two-­‐photon	
  physics)	
  

•  One	
  can	
  vary	
  the	
  wave-­‐length	
  of	
  the	
  probe	
  to	
  view	
  
deeper	
  inside	
  the	
  hadron	
  

€ 

α =
1
137

  

€ 

q = k − k'= (r  q ,ω)
Q2 = −q2

kk	
  

k’	
  

Virtual	
  photon	
  4-­‐momentum	
  



Tremendous advances in electron scattering 

Argonne	
  NaJonal	
  Laboratory	
  (R.	
  Holt)	
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Unprecedented capabilities: 
•  High Intensity 
•  High Duty Factor 
•  High Polarization-  M. Poelker  

 (2012 Lawrence Award) 
•  Parity Quality Beams 
•  Large acceptance detectors 
•  State-of-the-art polarimetry, 
                polarized targets 

Focal plane polarimeter 

 – Jefferson Lab 
Polarized 3He target 



Flavor separation of nucleon form factors 

	
  

•  Very different behavior for u and  d quarks  

•  Evidence for diquark correlations – axial diquark -> soft f.f. 

•  Six 12-GeV experiments to extend Q2 range 
 

Thanks	
  to	
  Craig	
  Roberts	
  
9	
  

Cates, de Jager,  
Riordan, Wojtsekhowski,  
PRL 106 (2011) 252003 Q4 F1

q 

Q4F2
q/κ 

HAPPEx,	
  G0,	
  A4	
  	
  "	
  
GE

s	
  =	
  GM
s	
  =	
  0	
  



Proton charge radius 
•  An important  property of the nucleon 

–  Important for understanding how QCD works  
–  Challenge to Lattice QCD (exciting new results, Alexandrou et al.) 
–  An important physics input to the bound state QED calculations, 

affects muonic H Lamb shift   (2S 1/2 – 2P 1/2) by as much as 2%   

•  Electron-proton elastic scattering to determine electric form factor 
(Nuclear Physics) 

 
 
 
•  Spectroscopy (Atomic physics) 

–  Hydrogen Lamb shift 
–  Muonic Hydrogen Lamb shift 

 

	
  

< r2 > = −6 dG(q
2 )

dq2
|
q2=0



Muonic hydrogen Lamb shift experiment at PSI	
  
	
  

2010:	
  new	
  value	
  is	
  rp	
  =	
  0.84184(67)	
  fm	
   11	





New PSI results reported in Science 2013 

A.	
  Antognini	
  et	
  al.,	
  Science	
  339,	
  417	
  (2013)	
  



The proton radius puzzle intensified, more intrigued  
by muonic helium results 



#  High resolution, large acceptance, hybrid 
HyCal calorimeter (PbWO4  and Pb)  

#  Windowless H2 gas flow target 
#  Simultaneous detection of elastic and 

Moller electrons 
#  Q2 range of 2x10-4 – 0.14 GeV2  
#  XY – veto counters replaced by GEM 

detector 
#  Vacuum box 

       PRad Experimental Setup in Hall B at JLab 

14 

Spokespersons: A. Gasparian,  
D. Dutta, H. Gao, M. Khandaker 

 
Future	
  sub	
  1%	
  measurements:	
  	
  
(1)	
  ep	
  elasJc	
  scaZering	
  at	
  Jlab	
  (PRad)	
  	
  
(2)	
  μp	
  elasJc	
  scaZering	
  	
  at	
  PSI	
  -­‐	
  16	
  U.S.	
  
insJtuJons!	
  (MUSE)	
  
(3)	
  ISR	
  experiments	
  at	
  Mainz	
  
	
  
Ongoing	
  H	
  spectroscope	
  experiments	
  



Worldwide quest: spin structure of the nucleon �
$ From	
  DIS	
  measurements	
  
	
  ΔΣ	
  ≈	
  0.3	
  
	
  ΔG	
  =	
  1.0±1.2	
  

	
  
$ quark	
  polarizaFon	
  Δq(x)	
  
	
  "first	
  5-­‐flavor	
  separaJon	
  from	
  
	
  HERMES:	
  	
  Δq	
  ≈	
  0	
  

	
   	
  RHIC-­‐spin:	
  future	
  charge-­‐	
  	
  	
  	
  	
  	
  
	
  current	
  measurements	
  

	
  
$ gluon	
  polarizaFonΔG(x)	
  
	
  "RHIC-­‐spin,	
  HERMES,	
  COMPASS	
  	
  

	
  
$ orbital	
  angular	
  momentum	
  L	
  
	
  "	
  GPD’s	
  and	
  TMD’s	
  

Far future: EIC 

Spin	
  budget	
  of	
  the	
  proton	
  

30%	
  

70%	
  

What	
  is	
  the	
  origin	
  of	
  the	
  proton	
  spin?	
  

Jets, pions, ALL  



Unpolarized	
  and	
  Longitudinally	
  Polarized	
  Structure	
  Func7ons	
  

Argonne	
  NaJonal	
  Laboratory	
   16	
  

Parton	
  model	
  -­‐>	
  

Upgraded JLab has  
unique capability to 
define the valence region 

NSAC milestone HP6 (2011) completed, 
steps toward HP14 (2018) 

Thanks	
  to	
  C.	
  Keppel,	
  K.	
  Kumar,	
  	
  G.	
  Petratos,	
  C.	
  D.	
  Roberts,	
  S.	
  Kuhn,	
  Z.-­‐E.	
  Meziani	
  

6	
  JLab	
  	
  12-­‐GeV	
  
experiments	
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FIG. 1. (Color online) Our A

n
1 results in the DIS regime

(filled circles), compared with world A

n
1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].

measured asymmetry A

3He
1 on the nuclear target, we used

a model for the 3He wavefunction incorporating S, S0,
and D states as well as a pre-existing �(1232) compo-
nent [37]:

A

n
1 =

F

3He
2

h
A

3He
1 � 2 Fp

2

F
3He
2

PpA
p
1

⇣
1� 0.014

2Pp

⌘i

PnF
n
2

⇣
1 + 0.056

Pn

⌘
. (4)

The e↵ective proton and neutron polarizations were
taken as Pp = �0.028+0.009

�0.004 and Pn = 0.860+0.036
�0.020 [38].

F2 was parameterized with F1F209 [29] for 3He and with
CJ12 [39] for the neutron and proton, while Ap

1 was mod-
eled with a Q

2-independent, three-parameter fit to world
data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q

2 values of 2.59 (GeV/c)2 (E = 4.7 GeV)
and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q

2 value of 3.078 (GeV/c)2. Ta-
ble I also gives our results for the structure-function ratio
g

n
1 /F

n
1 = [y(1+ ✏R)]/[(1� ✏)(2� y)] · [Ak +tan(✓/2)A?],

where y = (E � E

0)/E in the laboratory frame, which
was extracted from our 3He data in the same way as An

1 .

Combining the neutron g1/F1 data with measurements
on the proton allows a flavor decomposition to separate

TABLE I. An
1 and g

n
1 /F

n
1 results.

hxi A

n
1 ± stat± syst g

n
1 /F

n
1 ± stat± syst

0.277 0.043± 0.060± 0.021 0.044± 0.058± 0.012

0.325 �0.004± 0.035± 0.009 �0.002± 0.033± 0.009

0.374 0.078± 0.029± 0.012 0.053± 0.028± 0.010

0.424 �0.056± 0.032± 0.013 �0.060± 0.030± 0.012

0.474 �0.045± 0.040± 0.016 �0.053± 0.037± 0.015

0.548 0.116± 0.072± 0.021 0.110± 0.067± 0.019

the polarized-to-unpolarized-PDF ratios for up and down
quarks, which are still more sensitive than A

n
1 to the

di↵erences between various theoretical models. When
the strangeness content of the nucleon is neglected, these
ratios can be extracted at leading order as

�u+�ū

u+ ū

=
4

15

g

p
1

F

p
1

�
4 +R

du
�
� 1

15

g

n
1

F

n
1

�
1 + 4Rdu

�
(5)

�d+�d̄

d+ d̄

=
�1

15

g

p
1

F

p
1

✓
1 +

4

R

du

◆
+

4

15

g

n
1

F

n
1

✓
4 +

1

R

du

◆

(6)
where R

du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g

p
1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. �u/u and �d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.

hxi �u/u± stat± syst �d/d± stat± syst

0.277 0.447± 0.011± 0.035 �0.166± 0.094± 0.029

0.325 0.505± 0.006± 0.040 �0.292± 0.055± 0.033

0.374 0.541± 0.005± 0.046 �0.252± 0.048± 0.040

0.424 0.600± 0.005± 0.052 �0.514± 0.054± 0.051

0.474 0.631± 0.006± 0.058 �0.579± 0.070± 0.067

0.548 0.642± 0.009± 0.070 �0.384± 0.138± 0.092

Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)

Parno et al.,  
arXiv:1406.1207 



Measurement of the gluon polarization Δg at RHIC 

D.	
  de	
  Florian	
  et	
  al,	
  
PRL	
  113	
  (2014)	
  01200	
  
	
  
E.	
  Nocera	
  et	
  al,	
  
arXiv	
  1406.5539	
  

Dominates 
at high pT 

Dominates	
  at	
  
low	
  pT	
  

ʃdxΔg(x,Q2=10GeV2)	
  =	
  0.20+.06-­‐.07	
  	
  	
  
0.05	
  

1	
  

ʃdxΔg(x,Q2=10GeV2)	
  =	
  0.17+-­‐0.06	
  	
  	
  
0.05	
  

0.2	
  
NNPDFpol1.1	
  

DSSV++	
  

arXiv:1405.5134	
  PRD	
  90	
  (2014)	
  012007	
  	
  



Multidimensional parton distribution functions 

Argonne	
  NaJonal	
  Laboratory	
   18	
  

Generalized	
  parton	
  
distribuFon	
  funcFons	
  

Transverse	
  momentum	
  
distribuFon	
  funcFons	
  

eg.,	
  Sivers	
  distribuJon	
  



Quark	
  polarizaFon	
  

Unpolarized	
  
(U)	
  

Longitudinally	
  Polarized	
  
(L)	
  

Transversely	
  Polarized	
  
(T)	
  

N
uc
le
on

	
  P
ol
ar
iz
aJ

on
	
  

U	
  

L	
  

T	
  

19	



Leading-Twist TMD PDFs 

f1	
  =	
  

f	
  1T⊥	
  =	
  

Sivers	



Helicity	


g1	
  =	
  

h1	
  =	
  
Transversity	



h1⊥	
  =	
  

Boer-Mulders	



h1T⊥	
  =	
  

Pretzelosity	



Nucleon	
  Spin	
  

Quark	
  Spin	
  

g1T	
  	
  =	
  

Trans-Helicity	



h1L⊥	
  =	
  
Long-Transversity	





Quark	
  polarizaFon	
  

Unpolarized	
  
(U)	
  

Longitudinally	
  Polarized	
  
(L)	
  

Transversely	
  Polarized	
  
(T)	
  

N
uc
le
on

	
  P
ol
ar
iz
aJ

on
	
  

U	
  

L	
  

T	
  

Leading-Twist TMD PDFs 

f1	
  =	
  

f	
  1T⊥	
  =	
  

Sivers	



Helicity	


g1	
  =	
  

h1	
  =	
  
Transversity	



h1⊥	
  =	
  

Boer-Mulders	



h1T⊥	
  =	
  

Pretzelosity	



g1T	
  	
  =	
  

Trans-Helicity	



h1L⊥	
  =	
  
Long-Transversity	



Nucleon	
  Spin	
  

Quark	
  Spin	
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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⊥ ⊥= −

21	





Separation of Collins, Sivers and pretzelocity effects 
through angular dependence  
1( , )

sin( ) sin( )

sin(3 )

l l
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h S
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−
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sin( )Co

Pretzelosity
U

Sivers
UT

llins

T h S T

h S
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UT h S

TU
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A
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f
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D
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φ
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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	
  essenJal.	
  	
  

Collins	
  frag.	
  Func.	
  	
  
from	
  e+e-­‐	
  collisions	
  

22	





The Sivers function 

Argonne	
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Anselmino	
  et	
  al.,	
  Eur.	
  Phys.	
  J.	
  A39	
  (2009)	
  89	
  	
  

HERMES	
   COMPASS	
  

•  u	
  and	
  d	
  quark	
  Sivers	
  funcJons	
  are	
  opposite	
  in	
  sign.	
  
•  L.	
  Gamberg	
  et	
  al,	
  PRD	
  77	
  (2008)	
  094016	
  	
  "	
  axial	
  diquarks	
  

•  Sea	
  quark	
  Sivers	
  funcJons	
  are	
  non-­‐zero.	
  

X.	
  Qian	
  et	
  al.,	
  PRL	
  39	
  (2011)	
  89	
  
Y.	
  Zhao,	
  et	
  al.,	
  arXiv	
  1404.7204	
  	
  

JLab	
  
π+	

 π-	



K+	
   K-­‐	
  



Transversity 
•  The	
  third	
  PDFs	
  in	
  addiJon	
  to	
  f1	
  	
  	
  	
  	
  	
  	
  	
  and	
  g1L	
  
	
  

h1T	
  =	
  

A global fit to the HERMES, COMPASS and BELLE e+e- data  
Anselmino et al., arXiv:1303.3822 1T ThΔ =

24	





Transversity 	
  	
  	
  	
  	
  
•  Lowest	
  moment	
  gives	
  tensor	
  charge	
  

–  Fundamental	
  property,	
  benchmark	
  test	
  of	
  Lawce	
  QCD	
  

h1T	
  =	
  

‣ Test	
  bound	
  
violaJons	
  

 Anselmino et al., arXiv:1303.3822 
25	
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δqa = (h1T
a (x)

0

1

∫ − h1T
a (x))dx



12 GeV Upgrade Project 

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 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 like Moller & SOLID 



Overview of SoLID  
• 	
  Full	
  exploitaFon	
  of	
  JLab	
  12	
  GeV	
  Upgrade	
  
	
  	
  	
  	
  "	
  A	
  Large	
  Acceptance	
  Detector	
  AND	
  Can	
  Handle	
  High	
  Luminosity	
  (1037-­‐1039)	
  
	
  	
  	
  	
  	
  Take	
  advantage	
  of	
  latest	
  development	
  	
  in	
  detectors	
  ,	
  data	
  acquisiJons	
  and	
  simulaJons	
  
	
  	
  	
  	
  	
  Reach	
  ulJmate	
  precision	
  for	
  SIDIS	
  (TMDs),	
  PVDIS	
  in	
  high-­‐x	
  region	
  and	
  threshold	
  J/ψ	
  	
  
• 5	
  highly	
  rated	
  experiments	
  approved	
  	
  
	
  	
  	
  	
  	
  Three	
  SIDIS	
  experiments,	
  	
  one	
  PVDIS,	
  	
  one	
  J/ψ	
  producJon	
  	
  
	
  	
  	
  	
  	
  Bonus:	
  di-­‐hadron,	
  Inclusive-­‐SSA,	
  and	
  much	
  more	
  …	
  
• Strong	
  collaboraFon	
  (200+	
  collaborators	
  from	
  50+	
  insJtutes,	
  11	
  countries)	
  
	
  	
  	
  	
  	
  Significant	
  internaJonal	
  contribuJons	
  	
  

Solenoidal	
  Large	
  Intensity	
  Device	
  



	
  Collabora@on	
  Ins@tu@ons	
  from	
  China	
  



 Transversity and Tensor Charge 
#  Collins	
  Asymmetries	
  ~	
  	
  Transversity	
  	
  (x)	
  	
  Collin	
  FuncJon	
  
#  Transversity:	
  chiral-­‐odd,	
  not	
  couple	
  to	
  gluons,	
  valence	
  behavior,	
  largely	
  unknown	
  	
  	
  
#  Tensor	
  charge	
  	
  (0th	
  moment	
  of	
  transversity):	
  fundamental	
  property	
  
	
  	
  	
  	
  	
  	
  La_ce	
  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	
  "	
  determinaJon	
  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	
  :	
  CorrelaJons	
  of	
  transverse	
  moJon	
  with	
  quark	
  spin	
  and	
  orbital	
  moJon	
  	
  
#  Without	
  OAM,	
  off-­‐diagonal	
  TMDs=0,	
  	
  
	
  	
  	
  	
  	
  	
  no	
  direct	
  model-­‐independent	
  relaJon	
  to	
  the	
  OAM	
  in	
  spin	
  sum	
  rule	
  yet	
  
#  Sivers	
  FuncJon:	
  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	
  "	
  quanFtaFve	
  knowledge	
  of	
  OAM	
  

Pretzelosity	
  



Generalized parton distributions and DVCS 
e’ 

t 

(Q2) 
e 

  γ* 
x+ξ  x-ξ  

H, H, E, E (x,ξ,t) ~ ~ 

γ	



p p’ 

Vector: H (x,ξ,t) 

Tensor: E (x,ξ,t) 

Axial-Vector: H (x,ξ,t) 

Pseudoscalar: E (x,ξ,t) 

~ 

~ 

Quark angular momentum (Ji’s sum rule)	



X. Ji, Phy.Rev.Lett.78,610(1997)   

( H(x,ξ,t=0) + E(x,ξ,t=0) ) x dx = Jquark ∫
-1	



1	


=1/2 ΔΣ + Δ Lz	



Hq(x,0,0) = q(x) Hq(x,0,0) = Δq(x) ~ 

∫
+

−

1

1
dx  Hq(x,ξ,t) = Fq

1
 (t) dx  Eq(x,ξ,t) = Fq

2
 (t) ∫

+

−

1

1

 Forward limit (t →0, ξ→0)  

 Sum rules 

A.	
  Radyushkin,	
  
PRD	
  56	
  (1996)	
  5524	
  
	
  
C.	
  Munoz	
  Comacho	
  et	
  al,	
  
PRL	
  97	
  (2006)	
  262002	
  ;	
  
F.	
  X.	
  Girod	
  et	
  al,	
  	
  
PRL	
  100	
  (2008)162002.	
  



Extraction of quark total angular momentum  

•  DVCS is the “golden channel”: 
 γ* + N -> γ + N’ 

•  “Lattice + experiment provides a much greater constraint on 
GPDs than from either alone.”  - J. Negele 

•  Major program for JLab 12 GeV, COMPASS-II, EIC 

Plot	
  credit:	
  JLab	
  whitepaper	
  



Parity Violating Electron Scattering   

•  Nucleon Strangeness Form Factors 
•  Weak charge of the proton  
•   Precision Tests of Standard Model 
•  Neutron skin 



Parity-violating electron scattering 

Argonne	
  NaJonal	
  Laboratory	
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σ	
  ~	
  |	
  Mγ	
  +	
  MZ	
  |2	
  =	
  |Mγ|2	
  +	
  |MZ|2	
  +	
  2	
  Re(Mγ*)(MZ)	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  APV	
  =	
  	
  (σR-­‐	
  σL)/(σR	
  –	
  σL)	
  

D.	
  Wang	
  et	
  al,	
  Nature	
  	
  506	
  (2014)	
  7486	
  

D.	
  Androic	
  et	
  al,	
  PRL	
  111	
  (2014)	
  	
  141803	
  	
  

First	
  determinaJon	
  of	
  proton’s	
  weak	
  charge	
  

First	
  indicaJon	
  of	
  non-­‐zero	
  	
  
Electron-­‐vector	
  and	
  quark-­‐axial-­‐vector	
  
coupling	
  



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:  
       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	
  quark	
  structure	
  
informaFon	
  

6	
  GeV	
  PVDIS	
  

SoLID-­‐PVDIS	
  

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



U.S.-based EICs – the White Paper 

arXiv:1212.1701 

Appointed by 
S. Vigdor (BNL) and 
R. McKeown (Jlab) 09/14/14	
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Science Questions 
•  What is the transverse spatial and momentum structure of the gluons 

and sea quarks? Are there non-perturbative structures and can one 
image them? 

•  How much do the gluons contribute to the nucleon spin? Is there 
significant orbital angular momentum? 

•  How is the gluon distribution in nuclei different than in the nucleon? 
How does this relate to nuclear binding or short range nucleon-
nucleon correlations? 

•  Can one find evidence for saturation of the gluon density? 

•  How do quarks and gluons propagate in nuclear matter and join 
together to form hadrons? 

R.D.	
  McKeown,	
  Joint	
  QCD	
  town	
  MeeJngs,	
  
September,	
  2014	
  	
  



U.S.-based EICs – the Machines 

%  First polarized electron-proton/light ions collider in the world 

%  First electron-nucleus (various species) collider in the world 

%  Both cases make use of  existing facilities        (H. Montgomery, Oct 29) 

MEIC (JLab) eRHIC (BNL) 

AGS!

39	
  

IP

IP

Ion Source

Prebooster

MEIC
Collider
Rings

EIC 
Collider 
Rings

12 GeV CEBAF

Halls A, B, C

Electron Injector 

Hall D

SRF Linac



 
•  Lepton scattering is a powerful tool to probe the rich internal 

structure of the nucleon 
•  Spin remains to be important and puzzling in the case of the nucleon 
•  Proton charge radius puzzle prompts intensive theoretical and 

experimental efforts  
•  Three-dimensional imaging of nucleon helps solve remaining puzzle 

to the proton spin, and uncovers the rich dynamics of QCD 
•  PV electron scattering probes internal structure of the nucleon, 

provides tests of SM and searches for new physics  
•  Electron Ion Collider – A new QCD frontier that US NP QCD 

community is hoping for (ongoing US NP LRP)  

Thanks to E. Aschenaur,  J.-P Chen, A. Deshpande, R. Ent, R. Gilman, R. Holt,  J. Huang, 
X. D. Ji, R.D. McKeown, M. Meziane, Z.-E. Meziani,  H. Montgomery, A. Prokudin, 
J.W. Qiu, C. Roberts, P. Souder, Z. Ye, F. Yuan, Z. Zhao, X. Zheng 
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Summary  


