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U.S. based Electron-Ion Collider 

q  A	
  long	
  journey	
  –	
  a	
  joint	
  effort	
  of	
  the	
  full	
  community:	
  

…	
  three	
  profound	
  ques;ons:	
  
	
  	
  	
  	
  	
  	
  How	
  does	
  the	
  mass	
  of	
  the	
  nucleon	
  arise?	
  
	
  	
  	
  	
  	
  	
  How	
  does	
  the	
  spin	
  of	
  the	
  nucleon	
  arise?	
  
	
  	
  	
  	
  	
  	
  What	
  are	
  the	
  emergent	
  proper;es	
  of	
  dense	
  systems	
  of	
  gluons?	
  

“…	
  answer	
  science	
  ques;ons	
  that	
  are	
  compelling,	
  
	
  	
  	
  	
  	
  	
  fundamental,	
  and	
  ;mely,	
  and	
  help	
  maintain	
  U.S.	
  
	
  	
  	
  	
  	
  	
  scien;fic	
  leadership	
  in	
  nuclear	
  physics.”	
  

…	
   …	
  

A	
  new	
  era	
  to	
  explore	
  the	
  emergent	
  phenomena	
  of	
  QCD!	
  

q On	
  January	
  9,	
  2020:	
  
The	
  U.S.	
  DOE	
  announced	
  the	
  selec?on	
  of	
  BNL	
  as	
  the	
  site	
  for	
  the	
  Electron-­‐Ion	
  Collider	
  	
  



Scientific Questions – SoLID to address 

q  How	
  does	
  the	
  mass	
  of	
  the	
  nucleon	
  arise?	
  

Mass	
  is	
  the	
  Energy	
  of	
  the	
  nucleon	
  when	
  it	
  is	
  at	
  Rest!	
  
Nucleon	
  –	
  a	
  rela;vis;c	
  bound	
  state	
  of	
  quarks	
  and	
  gluons	
  

Mass	
  	
  =	
  	
  Rest	
  Mass	
  of	
  quarks	
  and	
  gluons	
  	
  +	
  	
  “Their	
  Energy”	
  

Transverse	
  Mo;on	
  of	
  quarks	
  and	
  gluons	
  inside	
  a	
  nucleon	
  

Gives	
  much	
  needed	
  informa;on	
  on	
  the	
  Confined	
  Mo;on!	
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f(x, kT ) –	
  the	
  TMDs	
  

Need	
  probes	
  to	
  ”see”	
  3D	
  partonic	
  mo?on!	
  

Higgs	
  mechanism	
  is	
  far	
  from	
  enough!!!	
  

It	
  is	
  the	
  Energy	
  of	
  Confined	
  Mo;on	
  of	
  quarks	
  and	
  gluons	
  	
  
in	
  nucleon’s	
  rest	
  frame!!!	
  

Quark	
  mass	
  
~	
  1%	
  of	
  proton	
  	
  
	
  	
  	
  mass	
  

q  How	
  does	
  the	
  spin	
  of	
  the	
  nucleon	
  arise?	
  
Spin	
  is	
  the	
  Angular	
  Momentum	
  of	
  the	
  nucleon	
  when	
  it	
  is	
  at	
  Rest!	
  

Spin	
  	
  =	
  	
  Spin	
  of	
  quarks	
  and	
  gluons	
  	
  +	
  	
  Orbital	
  Angular	
  Momentum	
  	
  

Helicity	
  	
  =	
  	
  Helicity	
  of	
  quarks	
  and	
  gluons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  	
  Their	
  Transverse	
  Mo;on!	
  SP	
  =	
  Q	
  (~30%)	
  +	
  G	
  (~40%)	
  +	
  Orbital	
  (?)	
  	
  



QCD and 3D hadron structure 

q  Structure	
  –	
  “a	
  s;ll	
  picture”:	
  
Crystal	
  	
  

Structure:	
  

NaCl,	
  	
  
B1	
  type	
  structure	
  

Nano-­‐	
  
material:	
  

Fullerene,	
  C60	
  

Atomic	
  
structure	
  

Quantum	
  orbits	
  

Mo?on	
  of	
  nuclei	
  is	
  so	
  much	
  slower	
  than	
  the	
  speed	
  of	
  light,	
  neutral	
  photon!	
  

q  Hadron	
  structure	
  –	
  emergent	
  phenomena	
  of	
  QCD	
  at	
  a	
  Fermi	
  scale:	
  
Color Confinement Asymptotic freedom 

Probing

scale


Q (GeV)

200 MeV (1 fm) 2 GeV (1/10 fm) 20 MeV (10 fm) 

Nuclear	
  Femtography:	
  	
  Femto-­‐science	
  (0.1-­‐10	
  fm)	
  

PQCD	
  
works	
  

q  What	
  does	
  the	
  proton	
  look	
  like?	
  

Quark	
  Model	
  Bag	
  Model	
   Lajce	
  

Proton	
  radius	
  of	
  quark	
  or	
  gluon	
  density	
  	
  



QCD and 3D hadron structure 

q  Need	
  a	
  hard	
  probe	
  to	
  “see”	
  par;cle	
  nature	
  of	
  quarks	
  and	
  gluons:	
  	
  
e	
   p	
  

�DIS(x,Q
2) =

2	
  p

e

bT

kT
xp

bT

kT
xp

Power	
  correc;ons	
  
Approxima;on	
  

Factoriza;on	
   Parton-­‐distribu;on	
  
Structure	
  

Hard-­‐part	
  
Probe	
  

⊗ 1 O
QR
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠

xP,	
  kT	
  ⇡ 1/Q !

²  How	
  to	
  probe	
  the	
  quark-­‐gluon	
  dynamics,	
  quan?fy	
  the	
  
hadron	
  structure,	
  study	
  the	
  emergence	
  of	
  hadrons,	
  …,	
  if	
  we	
  
cannot	
  see	
  quarks	
  and	
  gluons?	
  	
  

²  Gluons	
  are	
  dark,	
  but,	
  carry	
  color!	
  

Quantum	
  orbits	
  

q 	
  The	
  challenge:	
  

NO	
  separa?on	
  between	
  color	
  charges!	
  	
  Color	
  is	
  fully	
  entangled!	
  

B+(ub̄)
Brown-­‐Muck	
  

q  No	
  “s;ll	
  picture”	
  for	
  hadron’s	
  partonic	
  structure:	
  
Quarks	
  and	
  gluons	
  are	
  moving	
  rela?vis?caly,	
  color	
  is	
  fully	
  entangled!	
  
Partonic	
  structure	
  	
  =	
  	
  “Quantum	
  Probabili?es”:	
  	
  	
  	
  hP, S|O( , , Aµ)|P, Si



How to “see” 3D hadron structure? 

q  Need	
  new	
  type	
  of	
  “Hard	
  Probes”	
  –	
  Physical	
  observables	
  with	
  TWO	
  Scales:	
  
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

Hard	
  scale:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  To	
  localize	
  the	
  probe	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  par;cle	
  nature	
  of	
  quarks/gluons	
  

“Son”	
  scale:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  could	
  be	
  more	
  sensi;ve	
  to	
  the	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hadron	
  structure	
  ~	
  1/fm	
  

Q1

Q2

1/Q

q  Proton’s	
  spin	
  is	
  correlated	
  with	
  the	
  mo;on	
  of	
  quarks/gluons:	
  	
  

Deforma;on	
  of	
  parton’s	
  	
  
confined	
  mo?on	
  	
  

when	
  hadron	
  is	
  polarized	
  

TMDs!	
  
p	
  

s	
  

kT	
  

q  Proton’s	
  spin	
  is	
  also	
  correlated	
  with	
  the	
  spa;al	
  distribu;on	
  of	
  quarks/gluons:	
  	
  

sx	
  

Deforma;on	
  of	
  parton’s	
  	
  
spa?al	
  distribu?on	
  	
  

when	
  hadron	
  is	
  polarized	
  

GPDs!	
  Unpolarized	
  Polarized	
  



1D	
  

5D	
  

3D	
  

Unified view of hadron structure (EIC White Paper) 

q Wigner	
  distribu;ons:	
  
y

xz

bΤ

xp,kT

q Fundamental	
  1D	
  hadron	
  structure:	
  
²  quarks	
  –	
  q(x,Q),	
  Δq(x,Q),	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  	
  	
  h1(x,Q),	
  
²  gluons	
  –	
  g(x,Q),	
  Δg(x,Q)	
  

Transversity	
  
distribu?on	
  

None	
  of	
  these	
  are	
  direct	
  physical	
  observables!	
  



Semi-Inclusive Deep Inelastic Scattring (SIDIS) Semi-Inclusive Deep Inelastic Scattring (SIDIS)

q  The	
  photon-­‐hadron	
  frame:	
  	
  

Breit	
  frame	
  
as	
  a	
  special	
  case	
  

Two	
  planes	
  
Leptonic	
  plane	
  
Hadronic	
  plane	
  

q  Theory	
  is	
  solid:	
  
² 	
  Low	
  PhT	
  (PhT	
  <<	
  Q)	
  –	
  TMD	
  factoriza;on:	
  

² 	
  High	
  PhT	
  (PhT	
  ~	
  Q)	
  –	
  Collinear	
  factoriza;on:	
  
�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q,Ph?,↵s)⌦ �f ⌦Df!h +O

✓
1

Ph?
,
1

Q

◆

² 	
  PhT	
  Integrated	
  -­‐	
  Collinear	
  factoriza;on:	
  
�SIDIS(Q, xB , zh) = H̃(Q,↵s)⌦ �f ⌦Df!h +O

✓
1

Q

◆

�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q)⌦ �f (x, k?)⌦Df!h(z, p?)⌦ S(ks?) +O

Ph?
Q

�

² 	
  Very	
  high	
  PhT	
  >>	
  Q	
  –	
  Collinear	
  factoriza;on:	
  
�SIDIS(Q,Ph?, xB , zh) =

X

abc

Ĥab!c ⌦ ��!a ⌦ �b ⌦Dc!h +O
✓

1

Q
,

Q

Ph?

◆

Matching	
  between	
  regions	
  have	
  been	
  developed!	
  



Transverse momentum dependent PDFs (TMDs) 

q  Non-perturbative definition: 

² Decomposes into a list of  TMDs: 

²  IF we knew proton wave function, this definition gives “unique” TMDs! 

But, we do NOT know proton wave function! 

²  In terms of  matrix elements of  parton correlators:  

² Depends on the choice of  the gauge link: 

⇠�

⇠T
U(0, ⇠) = e�ig

R ⇠
0 dsµAµ

�[U ](x, pT ;n) =

Z
d⇠

�
d

2
⇠T

(2⇡)3
e

i p·⇠ hP, S| (0)U(0, ⇠) (⇠)|P, Si⇠+=0

Choice	
  is	
  fixed	
  by	
  the	
  factoriza?on	
  
Sign	
  change	
  of	
  Sivers	
  func?on	
  



Transverse momentum dependent PDFs (TMDs) 

q  Quark TMDs with polarization: 

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏

µ⌫
T bµs⌫Mf

?
1 (x, b)
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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum
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What can we learn from TMDs? 

q  Quantum	
  correla;on	
  between	
  hadron	
  spin	
  and	
  parton	
  mo;on: 

Hadron	
  spin	
  influences	
  	
  
parton’s	
  transverse	
  mo;on	
  

Sivers	
  effect	
  –	
  Sivers	
  func;on	
  

Polarized	
  hadron	
  

Observed	
  par;cle	
  

q  Quantum	
  correla;on	
  between	
  hadron	
  spin	
  and	
  parton	
  spin: 

Observed	
  par;cle	
  

Polarized	
  hadron	
  

Hadron	
  spin	
  and	
  parton	
  spin	
  
influence	
  	
  

parton’s	
  transverse	
  mo;on	
  

Pretzelosity	
  –	
  model	
  OAM	
  

q  Quantum	
  correla;on	
  between	
  parton’s	
  spin	
  and	
  its	
  hadroniza;on: 

Parton’s	
  transverse	
  polariza;on	
  
influences	
  its	
  hadroniza;on	
  	
  

Transversity	
  

Observed	
  par;cle	
  

Polarized	
  hadron	
  

Collins	
  effect	
  –	
  Collins	
  func;on	
  

Same	
  reac?on	
  –	
  different	
  angular	
  modula?ons	
  !	
  



Orbital angular momentum (OAM) 

q  OAM:	
  
Classical:	
  

<latexit sha1_base64="mKu1yMS4Nm9ntINKFRKrJR3RCds=">AAACKHicbVBLS8NAEN7UV42vqEcvi0XwVJKi6EUsePHgoUJf0JSy2W7apZsHu5NCCfk5XvwrXkQU6dVf4rbpobYOLHyPGWbn82LBFdj21ChsbG5t7xR3zb39g8Mj6/ikqaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3epj5rTGTikdhHSYx6wZkEHKfUwJa6ln37pjR9CnDd3iOZOYCD5jKWZy5pguRmzMv69WX3ZHmPatkl+154XXgLEAJLarWsz7cfkSTgIVABVGq49gxdFMigVPBMtNNFIsJHZEB62gYEr2um84PzfCFVvrYj6R+IeC5ujyRkkCpSeDpzoDAUK16M/E/r5OAf9tNeRgnwEKaL/ITgSHCs9Rwn0tGQUw0IFRy/VdMh0QSCjpbU4fgrJ68DpqVsnNdtp+vStXKIo4iOkPn6BI56AZV0SOqoQai6AW9oU/0Zbwa78a3Mc1bC8Zi5hT9KePnFw0wpyo=</latexit>

~L = ~r ⇥ ~p ! ~bT ⇥ ~kT
<latexit sha1_base64="wFeO16ta2FDh6E0FmbMlTa42p0E="></latexit>

~L =

Z
d3r  †(r) [~r ⇥ (�i~@)] (r)Quantum	
  mechanic:	
  

Not	
  unique	
  in	
  QCD:	
  
<latexit sha1_base64="cx8MGljREo9ucNmxZ3gtSa1uyBM="></latexit>

L3
q =  

†
q [~x⇥ (�i

~

@ )]3 q Jaffe-­‐Manohar’s	
  quark	
  OAM	
  density	
  
<latexit sha1_base64="AXp3xIIFnz9RVNoPW7COMqD2OEU="></latexit>

L3
q =  

†
q [~x⇥ (�i

~

D )]3 q Ji’s	
  quark	
  OAM	
  density:	
  

The	
  difference	
  is	
  compensated	
  by	
  difference	
  between	
  gluon	
  OAM	
  density	
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�L3
q /
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dy�d2yT
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�+

2

Z 1
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⇥
X

i,j=1,2

[✏3ijyiTF
+j(z�)]�(z�, y) (y)|P iy+=0

“Chromodynamic	
  torque”	
  	
  

q  Color	
  Lorentz	
  force/torque:	
  

Same	
  color	
  Lorentz	
  force	
  generates	
  the	
  single	
  transverse-­‐spin	
  asymmetry	
  	
  
	
  	
  	
  	
  	
  	
  	
  (Qiu-­‐Sterman	
  func;on	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  1st	
  moment	
  of	
  Sivers	
  func;on)	
  	
  
and	
  is	
  also	
  responsible	
  for	
  the	
  twist-­‐3	
  part	
  of	
  DIS	
  structure	
  func;on	
  g2	
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q  Averaged	
  OAM:	
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hL3i = hbT i · hkT i
Moment	
  of	
  TMDs	
  Moment	
  of	
  GPDs	
  



TMDs and the confined motion of partons 

q  Hard	
  “probe”	
  –	
  probability	
  to	
  “catch”	
  the	
  partons:	
  	
  

P

Boost	
  =	
  ?me	
  dila?on	
  

Hard	
  probe	
  (t	
  ~	
  1/Q	
  <<	
  fm)	
   “catch”	
  the	
  quantum	
  fluctua?on	
  

§  Measured	
  kT	
  	
  is	
  NOT	
  the	
  same	
  as	
  kT	
  of	
  the	
  confined	
  mo?on!	
  
§  Structure	
  informa?on	
  vs.	
  collision	
  effects	
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  mo;on	
  

Emergence	
  of	
  a	
  hadron	
  
hadroniza;on	
  

Gluon	
  shower	
  –	
  QCD	
  evolu;on	
  

q  If	
  the	
  proton	
  is	
  broken,	
  …	
  	
  
Libera?on	
  of	
  confined	
  states	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gluon	
  shower	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  new	
  par?cles	
  produced	
  	
  



TMDs and the confined motion of partons 

q  Gluon	
  shower	
  -­‐	
  Q2	
  evolu;on:	
  
o  is	
  a	
  part	
  of	
  cross	
  sec;on	
  once	
  the	
  proton	
  is	
  broken	
  
o  is	
  not	
  necessarily	
  “controllable	
  perturba;vely”	
  
o  mixes	
  the	
  structure	
  informa;on	
  with	
  the	
  collision	
  effect	
  
o  mixes	
  the	
  role	
  of	
  quarks	
  and	
  gluons	
  
o  dilutes	
  the	
  quantum	
  correla;on	
  between	
  hadron	
  spin	
  and	
  parton	
  proper;es	
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Ex:	
  	
  Sivers	
  effect	
  from	
  single	
  transverse-­‐spin	
  asymmetry:	
  

§  W-­‐produc?on	
  at	
  RHIC	
  with	
  polarized	
  proton:	
  
<latexit sha1_base64="165na2OpCQ6wSDWb8+0FroXwJmA=">AAACCnicbVDLSsNAFJ34rPUVdelmtIgthZIURZcFNy4r9AVNDJPppB06ScaZSaGErN34K25cKOLWL3Dn3zh9LLT1wMDhnHu5c47PGZXKsr6NldW19Y3N3FZ+e2d3b988OGzJOBGYNHHMYtHxkSSMRqSpqGKkwwVBoc9I2x/eTPz2iAhJ46ihxpy4IepHNKAYKS155gkvOiOCU5l5jVKZn0NHxbB9nzo8zIoPJVjueGbBqlhTwGViz0kBzFH3zC+nF+MkJJHCDEnZtS2u3BQJRTEjWd5JJOEID1GfdDWNUEikm06jZPBMKz0YxEK/SMGp+nsjRaGU49DXkyFSA7noTcT/vG6igms3pRFPFInw7FCQMKjjTnqBPSoIVmysCcKC6r9CPEACYaXby+sS7MXIy6RVrdiXFevuolCrzuvIgWNwCorABlegBm5BHTQBBo/gGbyCN+PJeDHejY/Z6Iox3zkCf2B8/gC00Zju</latexit>

p(~sT ) + p0 ! W±(q) +X

§  no	
  fragmenta?on,	
  clean,	
  …	
  

§  Single	
  transverse-­‐spin	
  asymmetry:	
  
<latexit sha1_base64="pho4/vj69Fooh9m2boHxkgeKB70="></latexit>

AN ⌘ �(sT )� �(�sT )

�(sT ) + �(�sT )
/ f

?
1 (x, k2T )

f1(x)

•  Stronger	
  radia?on	
  at	
  larger	
  Q2	
  
•  More	
  radia?on	
  at	
  small-­‐x	
  (larger	
  phase	
  space)	
  

Challenge:	
  	
  	
  
	
  	
  	
  	
  	
  	
  Structure	
  informa?on	
  vs.	
  collision	
  effects,	
  …	
  

arXiv:	
  0903.3629	
  (x1/3)	
  
arXiv:	
  1401.5078	
  
arXiv:	
  1308.5003	
  
arXiv:	
  1112.4423	
  
arXiv:	
  1204.1239	
  



Hall	
  A	
  

JLab12 
EIC 

See	
  Haiyan’s	
  talk	
  

SoLID	
  covers	
  the	
  
phase	
  space	
  	
  

not	
  be	
  covered	
  by	
  EIC	
  

Jefferson Lab @ 12 GeV and SoLID’s impact 

q  CEBAF	
  –	
  Lepton-­‐hadron	
  facility:	
  

CEBAF	
   Hall	
  D	
  

Hall	
  B	
  

Hall	
  C	
  



Transversity distribution – Tensor charge 

q 	
  Probability	
  to	
  “see”	
  a	
  quark	
  in	
  a	
  proton:	
  
<latexit sha1_base64="tT+yhx823Bqe6Ez/lb+KNDhCIC4="></latexit>

��(x) =

Z
d

4
z e

ik·zhPS| j(0)�ji  i(z) |PSi

<latexit sha1_base64="VKya5sJT/JPyZLJVOEhWmVYCrPs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlW966rbvKrUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBzweM4w==</latexit>

k
<latexit sha1_base64="srd816F6Xlmzs3q6UpMifkESnkA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJIURY8FLx4rtR/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dtbWNza3tgs7xd29/YPD0tFxy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrNeqXjX6p7FbcOcgq8XJShhz1fumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6RVrXjXFffhqlyr5nEU4BTO4AI8uIEa3EMdmsBgCM/wCm+OdF6cd+dj0brm5DMn8AfO5w+xPI1b</latexit>

P, S

Picks	
  up	
  4-­‐spin	
  combina;ons	
  of	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  	
  
<latexit sha1_base64="wMmnctQ2KG6RNiYdoAfio552Zkw=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKewGRY8BD3qMYB6QLGF2MpuMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4Zua3n6g2TMkHO0loKPBQspgRbJ3U7d1iIXA/e2TTfrniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvOTp+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8OMySS1VJLFojjlyCo0+x8NmKbE8okjmGjmbkVkhDUm1qVUciEEyy+vklatGlxW/fuLSr2Wx1GEEziFcwjgCupwBw1oAgEFz/AKb571Xrx372PRWvDymWP4A+/zB2JwkUU=</latexit>

�ji

<latexit sha1_base64="dgxt6vsGGzsHbCgVBo9Ue/QLQzg=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmKosuCG5cV7APaECbTSTt2MgkzE6XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uHdOkHCmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMrnO/+0ClYrG409OEehEeCRYygrWRfLs6iI2dp7NBotjMv/ftmlN35kCrxC1IDQq0fPtrMIxJGlGhCcdK9V0n0V6GpWaE01llkCqaYDLBI9o3VOCIKi+bnz5Dp0YZojCW5gmN5urvRIYjpaZRYCYjrMdq2cvF/7x+qsMrL2MiSTUVZLEoTDnSMcp7QEMmKdF8aggmkplbERljiYk2bVVMCe7yl1dJp1F3L+rO7Xmt2SjqKMMxnMAZuHAJTbiBFrSBwCM8wyu8WU/Wi/VufSxGS1aROYI/sD5/AAf7lHI=</latexit>

 j

<latexit sha1_base64="dHqk34jn1HqVqj1DkP7IocdluNY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF48V7Ae0oWy2k3bpZpPuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3dxvP6HSPJaPZpqgH9Gh5CFn1Fipk/USzWd93i9X3Kq7AFknXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4Ezkq9VGNC2ZgOsWuppBFqP1vcOyMXVhmQMFa2pCEL9fdERiOtp1FgOyNqRnrVm4v/ed3UhLd+xmWSGpRsuShMBTExmT9PBlwhM2JqCWWK21sJG1FFmbERlWwI3urL66RVq3rXVffhqlKv5XEU4QzO4RI8uIE63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+APn8wdlUJAm</latexit>

 i

Unpolarized	
  

Longitudinally	
  
polarized	
  

Transversity	
  

“No	
  spin	
  flip”	
  

<latexit sha1_base64="TxDTacdjCxbXxkIYglaq7xtcGm8=">AAACDnicbVBNS8MwGE79nPOr6tFLcAw8jbYoehEGXjxWcB+wdiXN0i0saUuSCqPsF3jxr3jxoIhXz978N6ZbBd18IOF5n+d9Sd4nTBmVyrK+jJXVtfWNzcpWdXtnd2/fPDhsyyQTmLRwwhLRDZEkjMakpahipJsKgnjISCccXxd+554ISZP4Tk1S4nM0jGlEMVJaCsx67mHEoDsNPJ7Bn6JfFFfQ7Tv65n0nMGtWw5oBLhO7JDVQwg3MT2+Q4IyTWGGGpOzZVqr8HAlFMSPTqpdJkiI8RkPS0zRGnEg/n60zhXWtDGCUCH1iBWfq74kccSknPNSdHKmRXPQK8T+vl6no0s9pnGaKxHj+UJQxqBJYZAMHVBCs2EQThAXVf4V4hATCSidY1SHYiysvk7bTsM8b1u1ZremUcVTAMTgBp8AGF6AJboALWgCDB/AEXsCr8Wg8G2/G+7x1xShnjsAfGB/fHfuaKQ==</latexit>

PµPµ = P 2 = m2Mass:	
  
<latexit sha1_base64="dB4LyVb/TFTtdKyCFB7D+0r9UGU=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqlAMFZiYSyCPqQmRI7rtFZtJ9hOpSrKH7DwKywMIMTKysbf4LYZoOVIVzo6517de0+YMKq043xbS8srq2vrpY3y5tb2zq69t99ScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxxeTfz2iEhFY3GnxwnxOeoLGlGMtJEC+yTzMGLwNg+oRx5SOoJeJBHO3Dzj+cxr5/c0sCtO1ZkCLhK3IBVQoBHYX14vxiknQmOGlOq6TqL9DElNMSN52UsVSRAeoj7pGioQJ8rPpv/k8NgoPRjF0pTQcKr+nsgQV2rMQ9PJkR6oeW8i/ud1Ux1d+hkVSaqJwLNFUcqgjuEkHNijkmDNxoYgLKm5FeIBMnloE2HZhODOv7xIWrWqe151bs4q9VoRRwkcgiNwClxwAergGjRAE2DwCJ7BK3iznqwX6936mLUuWcXMAfgD6/MHT7GcyA==</latexit>

Si ⌘
1

m
Wi

Two	
  invariants	
  of	
  a	
  Lorentz	
  invariant	
  rela;vis;c	
  system	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  
<latexit sha1_base64="O9lIvJpgw7DM04irEvsBDTJeteY=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fjw4rGi/cA2lM120i7dbMLuRiix/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtR1Sax/LejBP0IzqQPOSMGis9PNXvuorKgcBeqexW3BnIMvFyUoYc9V7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7OIJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa88jMuk9SgZPNFYSqIicn0fdLnCpkRY0soU9zeStiQKsqMDaloQ/AWX14mzWrFu6i4t+flWjWPowDHcAJn4MEl1OAG6tAABhKe4RXeHO28OO/Ox7x1xclnjuAPnM8fiOuQxg==</latexit>

|PSi

Pauli-­‐Lubanski	
  vector:	
  
<latexit sha1_base64="XnarZNlxjImFqPrh6X2yvZsUm3Y="></latexit>

Wµ = �1

2
✏µ⌫⇢�M⌫⇢P�

Spin:	
  
<latexit sha1_base64="OZtrJI27d2W/iQM7/9ku/OJsXxE=">AAACHXicbVDLSgMxFM34rPU16tJNsAgVocyUim4KBTcuK7UP6ExLJk3b0CQzJBmhDP0RN/6KGxeKuHAj/o1pO4K2Hgg559x7Se4JIkaVdpwva2V1bX1jM7OV3d7Z3du3Dw4bKowlJnUcslC2AqQIo4LUNdWMtCJJEA8YaQaj62m9eU+koqG40+OI+BwNBO1TjLSxunYp8TBisDnpejyGP6IzFeVU1iadIsyWITdXLV87d8+6ds4pODPAZeKmJAdSVLv2h9cLccyJ0JghpdquE2k/QVJTzMgk68WKRAiP0IC0DRWIE+Uns+0m8NQ4PdgPpTlCw5n7eyJBXKkxD0wnR3qoFmtT879aO9b9Kz+hIoo1EXj+UD9mUIdwGhXsUUmwZmNDEJbU/BXiIZIIaxNo1oTgLq68TBrFgntRcG5LuUoxjSMDjsEJyAMXXIIKuAFVUAcYPIAn8AJerUfr2Xqz3uetK1Y6cwT+wPr8BopqnvE=</latexit>

WµWµ = S2 = m2S(S + 1)

if	
  ac+ng	
  on	
  states	
  at	
  the	
  rest	
  

q 	
  Transversity	
  distribu;on	
  –	
  Direct	
  evidence	
  of	
  rela;vis;c	
  quarks	
  inside	
  a	
  proton:	
  
In	
  non-­‐rela;vis;c	
  QM:	
  	
  

<latexit sha1_base64="kcguKBUlqCJw4nC9Fw2DdhEIZrg=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0WoCCUpim6Egi5cSRX7gCaWyWTSDp1J4sxELKEf4cZfceNCEbcu3Pk3TtsstPXAhcM593LvPV7MqFSW9W3k5uYXFpfyy4WV1bX1DXNzqyGjRGBSxxGLRMtDkjAakrqiipFWLAjiHiNNr3828pv3REgahTdqEBOXo25IA4qR0lLHPHDOCVMI3t2mjuDw8npYetiHp9DxZ+WOWbTK1hhwltgZKYIMtY755fgRTjgJFWZIyrZtxcpNkVAUMzIsOIkkMcJ91CVtTUPEiXTT8VNDuKcVHwaR0BUqOFZ/T6SISzngnu7kSPXktDcS//PaiQpO3JSGcaJIiCeLgoRBFcFRQtCngmDFBpogLKi+FeIeEggrnWNBh2BPvzxLGpWyfVS2rg6L1UoWRx7sgF1QAjY4BlVwAWqgDjB4BM/gFbwZT8aL8W58TFpzRjazDf7A+PwB63OczA==</latexit>

�q

NR(x) = �q

NR(x)

With	
  the	
  rela;vity:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
<latexit sha1_base64="2gnmRCC8ORl3/XsOiSJKullSmgk=">AAACBXicbVA9SwNBEN2LXzF+nVpqsRiE2IS7oGgZ0MIygvmA3BH2NpNkyd7eZXdPDCGNjX/FxkIRW/+Dnf/GTXKIJj4YeLw3w8y8IOZMacf5sjJLyyura9n13Mbm1vaOvbtXU1EiKVRpxCPZCIgCzgRUNdMcGrEEEgYc6kH/cuLX70AqFolbPYzBD0lXsA6jRBupZR96V8A1wYPC/Qn2BAyw1/4RWnbeKTpT4EXipiSPUlRa9qfXjmgSgtCUE6WarhNrf0SkZpTDOOclCmJC+6QLTUMFCUH5o+kXY3xslDbuRNKU0Hiq/p4YkVCpYRiYzpDonpr3JuJ/XjPRnQt/xEScaBB0tqiTcKwjPIkEt5kEqvnQEEIlM7di2iOSUG2Cy5kQ3PmXF0mtVHTPis7Nab5cSuPIogN0hArIReeojK5RBVURRQ/oCb2gV+vRerberPdZa8ZKZ/bRH1gf3xGflvc=</latexit>

�q(x) 6= �q(x)

Transverse	
  spin	
  is	
  not	
  	
  
boost	
  invariant	
  along	
  	
  

<latexit sha1_base64="0LfDi6Rsho36P36o6AO1cvBt3CA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKRY8FLx4r2A9oQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST+4XfmaLSPJZPZpagH9GR5CFn1Fip058iy5rzQbniVt0lyCbxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwXuqnGhPKJnSEPUsljVD72fLcObmyypCEsbIlDVmqvycyGmk9iwLbGVEz1uveQvzP66UmvPMzLpPUoGSrRWEqiInJ4ncy5AqZETNLKFPc3krYmCrKjE2oZEPw1l/eJO1a1atX3cebSqOWx1GEC7iEa/DgFhrwAE1oAYMJPMMrvDmJ8+K8Ox+r1oKTz5zDHzifP3Gdj5Y=</latexit>

~P

Also	
  as	
  	
  
<latexit sha1_base64="U2cjUYlYSox9oK4nE3DLZw/UluM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuUfRY8OKxgv2AdinZNNvGZpMlyYpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjP3O49UaSbFvZnG1I/wSLCQEWys1B4PvOrT+aBccWtuBrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afZtTN0ZpUhCqWyJQzK1N8TKY60nkaB7YywGetlby7+5/USE177KRNxYqggi0VhwpGRaP46GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXtes27rLl3F5VGPY+jCCdwClXw4AoacAtNaAGBB3iGV3hzpPPivDsfi9aCk88cwx84nz+S845r</latexit>

h1(x)



Transversity distribution – Tensor charge 

q 	
  Transversity	
  distribu;on	
  –	
  Disconnected	
  from	
  gluons:	
  

No	
  mixing	
  with	
  gluons!	
  

� · n�?�5

=	
  0	
  

Even	
  #	
  of	
  γ’s	
  

No	
  mixing	
  with	
  PDFs,	
  
helicity	
  distribu;ons	
  

q 	
  Valence	
  quark	
  like	
  distribu;on	
  –	
  QCD	
  evolu;on	
  is	
  under	
  control:	
  

Need	
  reliable	
  large-­‐x	
  informa;on,	
  
Not	
  much	
  small-­‐x	
  contribu;on!	
  
Unique	
  for	
  SoLID	
  

q 	
  Tensor	
  charge:	
  
As	
  fundamental	
  as	
  the	
  vector	
  	
  	
  
and	
  axial-­‐vector	
  charge	
  
More	
  about	
  transverse	
  spin	
  

Not	
  contribute	
  to	
  inclusive	
  DIS!	
  
Drell-­‐Yan	
  (low	
  rate),	
  	
  or	
  SIDIS	
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Extract TMDs from two-scale cross sections 

q  Single	
  observable	
  cannot	
  fix	
  TMDs	
  –	
  the	
  inverse	
  problem!	
  
<latexit sha1_base64="CYWo3R8Yv2SnU/lWb8tAIWM9QxU="></latexit>

�SIDIS(Q, qT ) = H(Q)
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q  Classical	
  two-­‐scale	
  observables:	
  

q  Predic;ve	
  power	
  of	
  QCD	
  –	
  Universality	
  and	
  global	
  analyses:	
  
JLab	
  JAM	
  Collabora?on	
  +	
  TMD	
  Collabora?on:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  QCD	
  global	
  analyses	
  of	
  TMDs	
  

§  First	
  extrac;on	
  of	
  transversity,	
  Sivers	
  and	
  Collins	
  func;ons,	
  simultaneously	
  

Cammarota	
  et	
  al.,	
  	
  
Phys.	
  Rev.	
  D102	
  
(2020)	
  054002	
  



Extract TMDs from QCD global analyses 

q  	
  Global	
  fit	
  of	
  TMD	
  PDFs	
  (or	
  TMDs):	
  

Momentum	
  
distribu;ons	
  of	
  
Transversity,	
  	
  

Sivers	
  func;ons,	
  
and	
  	
  

Collins	
  func;ons	
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  DY,	
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  and	
  pp	
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§  First	
  extrac;on	
  of	
  transversity,	
  Sivers	
  and	
  Collins	
  func;ons,	
  simultaneously	
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What can we learn from SoLID? 

q Compare	
  SoLID	
  projec;on	
  with	
  world	
  data:	
  
Sivers	
  Func;ons	
  Transversity	
  

D'Alesio	
  et	
  al.,	
  Phys.	
  Lei.	
  B	
  803	
  (2020)135347	
  
Anselmino	
  et	
  al.,	
  JHEP	
  04	
  (2017)	
  046	
  

§  Fit	
  Collins	
  and	
  Sivers	
  asymmetries	
  in	
  SIDIS	
  and	
  e+e-­‐	
  annihila;on	
  
§  World	
  data:	
  	
  HERMES,	
  COMPASS,	
  JLab6,	
  BELLE,	
  and	
  BARBAR	
  

More	
  from	
  Haiyan’s	
  talk	
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What can we learn from SoLID? 

q SoLID	
  vs	
  JLab	
  SBS	
  +	
  CLAS12:	
  
Sivers	
  Func;ons	
  Transversity	
  

§  See	
  Haiyan’s	
  talk	
  on	
  comparison	
  with	
  CLAS12-­‐3He	
  and	
  EIC	
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What can we learn from SoLID? 

q 	
  Tensor	
  Charges:	
  
Cammarota	
  et	
  al.	
  	
  
Phys.	
  Rev.	
  D102	
  
(2020)	
  054002	
  

Lajce	
  	
  QCD	
  calculated	
  values	
  
consistently	
  differ	
  from	
  those	
  extracted	
  

from	
  phenomenological	
  fits?	
  

q 	
  Immediate	
  impact	
  of	
  global	
  fits:	
  

Global	
  fiied	
  results	
  are	
  now	
  consistent	
  with	
  LQCD	
  calcula?ons!	
  



The JLab Director’s Review Charge  

•  (C1)	
  The	
  significance	
  of	
  scienVfic	
  quesVons	
  idenVfied	
  by	
  the	
  SoLID	
  
CollaboraVon	
  and	
  Thomas	
  Jefferson	
  NaVonal	
  Accelerator	
  Facility;	
  	
  

•  (C2)	
  The	
  impact	
  of	
  the	
  planned	
  scienVfic	
  program	
  on	
  the	
  advancement	
  
of	
  nuclear	
  physics	
  in	
  the	
  context	
  of	
  current	
  and	
  planned	
  world-­‐wide	
  
capabiliVes,	
  including	
  whether	
  the	
  scienVfic	
  reach	
  of	
  the	
  proposed	
  
detector	
  could	
  be	
  realized	
  with	
  modest	
  upgrades	
  to	
  exisVng	
  detectors	
  
at	
  Thomas	
  Jefferson	
  NaVonal	
  Accelerator	
  Facility;	
  

•  (C3)	
  The	
  new	
  experimental	
  and	
  theoreVcal	
  research	
  efforts	
  and	
  
technical	
  capabiliVes	
  needed	
  to	
  accomplish	
  the	
  proposed	
  scienVfic	
  
program;	
  and,	
  	
  	
  

•  (C4)	
  The	
  feasibility	
  of	
  the	
  approach	
  or	
  method	
  presented	
  to	
  carry	
  out	
  
the	
  proposed	
  scienVfic	
  program	
  and	
  the	
  likelihood	
  that	
  significant	
  
results	
  can	
  be	
  obtained	
  in	
  the	
  first	
  three	
  years	
  of	
  detector	
  operaVons.	
  	
  



Summary 

Thank you! 

q  SoLID	
  addresses	
  two	
  of	
  the	
  three	
  profound	
  ques;ons	
  for	
  the	
  EIC,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  origin	
  of	
  the	
  nucleon	
  mass	
  and	
  spin,	
  	
  
	
  	
  	
  	
  	
  from	
  the	
  phase	
  space	
  that	
  cannot	
  be	
  covered	
  by	
  the	
  EIC	
  	
  

q  SoLID’s	
  science	
  program	
  on	
  the	
  TMDs	
  and	
  3D	
  structure	
  is	
  unique,	
  
due	
  to	
  its	
  large	
  acceptance	
  and	
  luminosity,	
  and	
  can	
  not	
  be	
  achieved	
  
by	
  exis;ng	
  facili;es,	
  even	
  with	
  modest	
  upgrades	
  

q QCD	
  factoriza;on	
  to	
  match	
  TMDs	
  to	
  SIDIS	
  and	
  other	
  classical	
  two-­‐
scale	
  observables	
  are	
  well-­‐established	
  –	
  allow	
  QCD	
  global	
  analyses	
  

q  Parton	
  shower	
  in	
  SIDIS	
  dilutes	
  the	
  informa;on	
  on	
  the	
  hadron	
  
structure,	
  and	
  mix	
  the	
  collision	
  effect	
  with	
  structure	
  informa;on	
  

q  SoLID	
  is	
  more	
  sensi;ve	
  to	
  the	
  nonperturba;ve	
  3D	
  hadron	
  structure,	
  
complementary	
  to	
  what	
  the	
  EIC	
  can	
  and	
  cannot	
  do	
  


