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Science	  Campaigns	  –	  the	  JLab	  Theory	  Program	  
q  Focus	  on	  3	  of	  the	  5	  Research	  Areas	  idenHfied	  in	  2015	  NSAC	  LRP	  Document	  

Area	  1	  –	  QCD	  and	  the	  structure	  of	  hadrons	  and	  nuclei	  
Area	  3	  –	  Nuclear	  structure	  and	  reac6ons	  
Area	  5	  –	  Fundamental	  symmetries	  and	  neutrinos	  
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q QCD	  and	  the	  structure	  of	  hadrons	  and	  nuclei	  
²  Quark	  structure	  of	  Hadrons	  

Accardi,	  Balitsky,	  Melnitchouk,	  Orginos,	  Prokudin,	  
Radyushkin,	  Qiu,	  Richards,	  Rogers,	  Shanahan,	  Weiss	  

²  Hadron	  spectroscopy	  
Doring,	  Dudek,	  Edwards,	  Goity,	  Richards,	  Passemar,	  Szczepaniak	  

²  QCD	  &	  Nuclei	  
Accardi,	  Melnitchouk,	  Orginos,	  Qiu,	  Weiss	  

q  Nuclear	  structure	  and	  reacHons	  
Goity,	  Schiavilla,	  Van	  Orden	  

q  Fundamental	  symmetries	  and	  neutrinos	  
Melnitchouk,	  Schiavilla,	  Van	  Orden	  

²  Electron-‐Ion	  Collider	  
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q Major	  Research	  programs	  in	  Hall	  B:	  
²  to	  measure	  the	  spectrum	  of	  excited	  states	  

of	  the	  nucleon	  

²  to	  perform	  three	  dimensional	  imaging	  of	  
the	  quark	  structure	  of	  the	  nucleon	  

²  to	  characterize	  nucleon-‐nucleon	  correla6ons	  
in	  nuclei	  

²  to	  search	  for	  the	  existence	  of	  heavy	  photons	  
(h[p://www.jlab.org/Hall-‐B/)	  

These	  are	  
effecHvely	  the	  
same	  focuses	  of	  
JLab/CLAS12	  

science	  program!	  



QCD	  and	  the	  structure	  of	  hadrons	  and	  nuclei	  

q Challenge: 
No modern detector can see quarks and gluons in isolation! 



QCD	  and	  the	  structure	  of	  hadrons	  and	  nuclei	  

q Challenge: 
No modern detector can see quarks and gluons in isolation! 

q Question: 
How to quantify the hadron structure if  we cannot see quarks and 
gluons?            

Matching hadrons to quarks/gluons – experiment/theory collaboration! 
q Answer:  QCD factorization (controllable approximation)! 

q How	  to	  probe	  the	  structure?	  

P

Boost = time dilation 

1/R ⇠ ⇤QCD ⌧ Q
²  Longitudinal momentum fraction – x : 
²  Transverse momentum – kT :  
²  Transverse position – bT : 

xP ⇠ Q

R ⇠ 1/⇤QCD � 1/Q

Hard probe (t ~ 1/Q < fm): Catches the particle features! 



QCD	  and	  the	  structure	  of	  hadrons	  and	  nuclei	  

q The	  structure	  of	  a	  colliding	  hadron	  –	  encoded	  in	  “distribu6ons”:	  
² Parton	  DistribuHon	  FuncHons	  (PDFs)	  

Probability	  density	  to	  find	  a	  parton	  of	  a	  given	  flavor	  carrying	  the	  
hadron’s	  frac6onal	  momentum,	  xP	  (1-‐D):	  	  q(x,Q2)	  	  
–	  Catches	  the	  quantum	  fluctuaHons,	  resoluHon	  –	  1/Q	  …	  

² Generalized	  Parton	  DistribuHon	  FuncHons	  (GPDs)	  
Probability	  density	  to	  find	  a	  parton	  carrying	  the	  1-‐D	  momentum	  frac6on,	  x,	  at	  
the	  impact	  parameter,	  bT,	  of	  the	  colliding	  hadron:	  Hq(x,ξ,t,Q2),	  …	  	  t	  è	  bT	  (FT)	  	  	  	  
–	  SpaHal	  Imaging,	  color	  confining	  radius	  (moments	  of	  bT-‐distribuHon,	  …),	  …	  

² Transverse	  Momentum	  Dependent	  Parton	  DistribuHon	  FuncHons	  (TMDs)	  
Probability	  density	  to	  find	  a	  parton	  carrying	  the	  3-‐D	  momentum	  (1-‐D	  longitudinal	  
momentum	  frac6on,	  x,	  plus	  2-‐D	  transverse	  mo6on,	  kT):	  	  q(x,kT,Q2),	  …	  	  
–	  Confined	  moHon,	  spin-‐orbital	  correlaHons,	  …	  

² Polarized	  Parton	  DistribuHon	  FuncHons	  (pPDFs)	  
Probability	  density	  to	  find	  a	  polarized	  parton	  of	  a	  given	  flavor	  carrying	  the	  
hadron’s	  frac6onal	  momentum,	  xP	  (1-‐D):	  	  Δq(x,Q2)	  	  
–	  CorrelaHons	  of	  hadron	  &	  parton	  spin	  states,	  resoluHon	  –	  1/Q	  …	  



PDFs	  at	  large	  x	  

q  Tes6ng	  ground	  for	  hadron	  structure	  at	  x	  è1:	  	  
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Scalar	  diquark	  
dominance	  

pQCD	  power	  
coun6ng	  

Local	  quark-‐hadron	  
duality	   Hall	  B:	  	  E12-‐06-‐113	  

The	  structure	  of	  the	  free	  	  
neutron	  at	  large-‐xB	  	  
+	  …	  
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q  Tes6ng	  ground	  for	  hadron	  structure	  at	  x	  è1:	  	  
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symmetry	  

Scalar	  diquark	  
dominance	  

pQCD	  power	  
coun6ng	  

Local	  quark-‐hadron	  
duality	   Accardi,	  Brady,	  Melnitchouk,	  	  

Owens,	  Sato	  



Hall	  B	  Experiments	  

q  E12-‐06-‐113:	  	  

Plus	  other	  JLab	  experiments	  and	  Fermilab	  E906,	  …	  



PDFs	  at	  large	  x	  

q  Polarized	  PDFs	  at	  x	  è1:	  	  
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Hall	  B	  Experiments	  

Plus	  JLab	  experiments	  from	  other	  Hall’s	  

q  E12-‐06-‐109:	  	  

Plus	  complementary	  Lajce	  QCD	  effort	  
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q Need	  combined	  fits:	  
Accardi	  @	  PDFLajce2017	  
23	  March	  2017	  
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Lajce	  calcula6ons	  of	  hadron	  structure	  

X-‐dep	  distribu6ons	  Lajce	  QCD	  
q New	  ideas	  –	  from	  quasi-‐PDFs	  (lajce	  calculable)	  to	  PDFs:	  
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◆²  High	  Pz	  effec6ve	  field	  theory	  approach:	  

²  QCD	  collinear	  factoriza6on	  approach:	  

Ji,	  et	  al.,	  	  	  
arXiv:1305.1539	  
	  	  	  	  	  	  	  	  	  	  1404.6680 

Ma	  and	  Qiu,	  	  
arXiv:1404.6860	  
	  	  	  	  	  	  	  	  	  	  	  1412.2688	  
Ishikawa,	  Ma,	  Qiu,	  Yoshida,	  
1609.02018	  
Monohan,	  Orginos,	  
	  	  	  	  	  	  	  	  	  	  	  1612.01584	  
… 
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q  The	  TMD	  Collabora6on	  +	  on-‐going	  effort	  around	  the	  world!	  
Plus	  the	  intense	  local	  JLab	  theory	  effort!	  

Non-‐perturbaHve	  lafce	  UV	  renormalizaHon:	  	  
	  EffecHve	  mass	  renormalizaHon,	  Gradient	  flow,	  …	  
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Non-‐perturbaHve	  lafce	  UV	  renormalizaHon:	  	  
	  EffecHve	  mass	  renormalizaHon,	  Gradient	  flow,	  …	  

q  Tremendous	  poten6als!	  
PDFs	  of	  proton,	  neutron,	  pion,	  …;	  TMDs,	  GPDs,	  …;	  JLab12	  expts	  



�	  

Lajce	  calcula6ons	  of	  hadron	  structure	  

Kostas	  Orginos,	  JLab	  3D	  Workshop	  



3D	  Nucleon	  Tomography	  –	  GPDs	  

�	  

q Theory	  member	  involved	  in	  experimental	  proposal:	  



3D	  Nucleon	  Tomography	  –	  GPDs	  
C.	  Weiss,	  JLab	  3D	  Workshop	  



Why 3D nucleon structure? 

q  Spatial distributions of  quarks and gluons: 

Bag	  Model:	  	  
Gluon	  field	  distribu6on	  is	  wider	  than	  the	  fast	  
moving	  quarks.	  	  
Gluon	  radius	  	  >	  	  Charge	  Radius	  
	  
Cons6tuent	  Quark	  Model:	  	  
Gluons	  and	  sea	  quarks	  hide	  inside	  massive	  
quarks.	  	  
Gluon	  radius	  	  ~	  	  Charge	  Radius	  	  
	  
Lajce	  Gauge	  theory	  (with	  slow	  moving	  
quarks):	  
Gluons	  more	  concentrated	  inside	  the	  quarks	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Gluon	  radius	  	  <	  	  Charge	  Radius	  

Sta0c	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Boosted	  

3D	  Confined	  MoHon	  (TMDs)	  +	  SpaHal	  DistribuHon	  (GPDs)	  
Rela6on	  between	  charge	  radius,	  quark	  radius	  (x),	  and	  gluon	  radius	  (x)?	  



3D	  Confined	  mo6on	  –	  TMDs	  
A.	  Prokudin	  
T.	  Rogers	  



3D	  Confined	  mo6on	  –	  TMDs	  

q  SIDIS at JLab: 

q  Hall B (E12-06-112): 

Sensi6ve	  to	  Boer-‐Mulders	  func6ons	  &	  Collins	  FFs	  –	  how	  does	  spin	  influence	  hadroniza6on?	  



3D	  Confined	  mo6on	  –	  TMDs	  

Markus	  Diefenthaler	  
JLab	  3D	  workshop	  

q  LDRD project at JLab: 

Mapping	  the	  hadroniza6on	  descrip6on	  in	  the	  Pythia	  MCEG	  to	  the	  
correla6on	  func6ons	  of	  TMD	  factoriza6on	  

q  Joint Exp/Thy collaborative effort: 

Physics	  intuiHon	  for	  the	  TMDs,	  “Live	  Picture”	  for	  the	  emergence	  of	  hadrons	  
	  from	  the	  colored	  quarks	  and	  gluons,	  …	  



q Sources of  parton kT at the hard collision: 

�⇤
` `0

Ph

P

xP, kT

Ph

z
, k0T

Gluon shower 

Confined motion 

Emergence of  a hadron 
hadronization 

q  Large kT generated by the shower (caused by the collision): 

²  Separation of  perturbative shower contribution from nonperturbative 

hadron structure – QCD evolution - not as simple as PDFs 

q Challenge:  to extract the “true” parton’s confined motion: 

² Q2-dependence – linear evolution equation of  TMDs in b-space 

²  The evolution kernels are perturbative at small b, but, not large b 

The nonperturbative inputs at large b could impact TMDs at all Q2 

Task of  the DOE supported TMD collaboration ²  Role of  lattice QCD? 

3D	  Confined	  mo6on	  –	  TMDs	  



TMD	  Topical	  Theory	  Collabora6on	  	  

One	  of	  three	  DOE	  supported	  Topical	  Theory	  CollaboraHons	  
Has	  4	  NaHonal	  Labs	  +	  9	  UniversiHes	  

LBNL	  

U	  Arizona	  

LANL	  

NMSU	  

U	  Kentucky	  

Duke	  U	  

U	  Virginia	   ODU	  

JLAB	  

U	  Maryland	  

PSU-‐Berks	  
BNL	   MIT	  

Coordinated	  Theore6cal	  Approach	  to	  Transverse	  Momentum	  
Dependent	  Hadron	  Structure	  in	  QCD	  (TMD	  Collabora6on)	  	  
Co-‐spokespersons:	  W.	  Detmold,	  J.W.	  Qiu	  



TMD Summer School @ Temple University 

http://www.physics.arizona.edu/~fleming/Main.html 



q The	  role	  of	  the	  glue:	  

Hadron	  spectroscopy	  



Hadron	  spectroscopy	  

-‐	  	  	  	  	  Interna0onal	  collabora0ons	  with	  China	  (BESIII)	  and	  Germary	  

q JPAC	  –	  Joint	  Physics	  Analysis	  Center:	  



Summary	  and	  outlook	  

q The	  Theory	  Program	  at	  Jlab	  is	  a	  strong	  and	  diversified	  group:	  	  	  

²  The	  scien6fic	  contribu6ons	  of	  the	  Group	  to	  the	  na6onal	  nuclear	  theory	  
research	  effort	  are	  very	  strong,	  	  and	  

As	  stated	  in	  the	  recent	  DOE’s	  Review	  Report:	  

q The	  Theory	  Center	  has	  been	  working	  closely	  with	  experimental	  
collabora6ons	  in	  suppor6ng	  the	  JLab/CLAS12	  science	  program	  

²  the	  research	  of	  the	  Group	  is	  well	  integrated	  into	  the	  na6onal	  effort	  

q  Theory	  center	  has	  one	  of	  the	  best	  lajce	  QCD	  groups	  in	  the	  world,	  
and	  more	  ac6ons	  are	  on	  the	  way	  to	  develop	  the	  tools	  to	  study	  the	  
hadron	  structure	  directly	  on	  the	  lajce,	  complementary	  to	  the	  JLab	  
experimental	  program	  

Thank	  you!	  


