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Last	
  Time	
  

Discussions@PKU	
  Part-­‐II	
  

	
  I	
  will	
  discuss	
  experimental	
  results,	
  physics	
  impacts,	
  
interpretaCons,	
  	
  and	
  the	
  connecCons	
  of	
  the	
  observed	
  single	
  spin	
  
asymmetry	
  (SSA)	
  phenomena	
  in:	
  
•  	
  Inclusive	
  hadron	
  SSA	
  observed	
  in	
  proton-­‐proton	
  collision	
  at	
  
Fermilab	
  and	
  RHIC.	
  

•  	
  Target	
  SSA	
  in	
  semi-­‐inclusive	
  deep	
  inelasCc	
  scaNering	
  (SIDIS).	
  
•  	
  New	
  Jefferson	
  Lab	
  results	
  of	
  polarized	
  target	
  SSA	
  in	
  inclusive	
  
hadron	
  producCon	
  	
  e+N-­‐>h+X.	
  

	
  I	
  will	
  also	
  discuss	
  on-­‐going	
  and	
  future	
  experimental	
  efforts,	
  
including	
  :	
  
•  	
  Polarized	
  target	
  Drell-­‐Yan	
  experiments	
  at	
  Fermilab	
  (E-­‐1039).	
  
•  	
  Forward	
  jet	
  producCon	
  asymmetry	
  in	
  p+p	
  with	
  the	
  upgraded	
  
PHENIX	
  experiment	
  at	
  RHIC.	
  

I	
  will	
  raise	
  my	
  own	
  quesCons	
  to	
  PKU	
  colleagues	
  	
  during	
  the	
  seminar	
  for	
  discussions.	
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up-­‐quarks	
  favor	
  leR	
  (Lu>0),	
  down-­‐quarks	
  favor	
  right	
  (Ld<0).	
  	
  

One	
  explanaCon	
  (Sivers	
  effect):	
  	
  
quark’s	
  transverse	
  moCon	
  generates	
  
a	
  lea-­‐right	
  bias.	
  

	
  
FNAL-­‐E704:	
  	
  PLB	
  264	
  (1991)	
  462.	
  

! 

p" + p#$ + X

! 

   AN =
"# $"%

"# +"%

& + (ud ) favors left
&$ (du ) favors right

Quarks	
  can	
  tell	
  leR-­‐right	
  in	
  	
  	
  

 Viewing along the polarized proton's momentum direction,
! + (ud ) favors the left-side, ! ! (du) favors the right side of the proton spin vector.Discussions@PKU	
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Inclusive	
  Hadron	
  Single	
  Spin	
  Asymmetries	
  in	
  p+p	
  

xF =
2pL
s

The	
  asymmetries	
  persist	
  from	
  low	
  CM	
  energies	
  to	
  high	
  CM	
  energies.	
  

Large,	
  forward	
  AN	
  in	
  hadron	
  producCon	
  in	
  p+p	
  have	
  been	
  measured	
  since	
  the	
  mid	
  70’s	
  

A	
  simple	
  (collinear)	
  pQCD	
  calculaCon	
  tells	
  us	
  that	
  an	
  AN	
  can	
  exist,	
  but	
  that	
  it	
  should	
  scale	
  like	
  

AN !
mq!S
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 Viewing along the polarized proton's momentum direction,
! + (ud ) favors the left-side, ! ! (du) favors the right side of the proton spin vector.
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 E704	
  	
  √s	
  =20	
  GeV.	
  
	
  PLB	
  264	
  (1991)	
  462.	
  

π+	
  favors	
  the	
  leR	
  side	
  of	
  the	
  polarized	
  proton.	
  
π-­‐	
  favors	
  the	
  right	
  side	
  of	
  the	
  polarized	
  proton.	
  

(lea)	
  (up)	
  

�Ph

x
y

z

φ

p↑ p

�Sbeam	
  

p!+ p" ! + X
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Valence	
  quarks	
  inside	
  a	
  transversely	
  polarized	
  
proton	
  have	
  a	
  very	
  clear	
  leR-­‐right	
  bias.	
  	
  

Discussions@PKU	
  Part-­‐II	
  

 Viewing along the polarized proton's momentum direction,
! + (ud ) favors the left-side, ! ! (du) favors the right side of the proton spin vector.

lea	
  

right	
  

in	
  pé+p	
  collisions.	
  
	
  
How	
  about	
  in	
  e+pé	
  (or	
  l+Né)	
  collisions	
  ?	
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(Parity	
  Conserving)	
  Single-­‐Spin	
  Asymmetry	
  

	
  
•  involves	
  a	
  helicity	
  flip.	
  
•  needs	
  two	
  more	
  vectors	
  in	
  addiCon	
  to	
  the	
  spin	
  
vector.	
  Naïve	
  T-­‐Odd.	
  	
  

•  relates	
  to	
  the	
  imaginary	
  piece	
  of	
  interference	
  
amplitudes.	
  Need	
  a	
  phase	
  difference.	
  

	
  

is	
  a	
  leR-­‐right	
  asymmetry	
  which	
  always:	
  	
  	
  

AN ! (
!
k1 "
!
k2 )•
!
S
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TODAY	
  

Discussions@PKU	
  Part-­‐II	
  

	
  I	
  will	
  discuss	
  experimental	
  results,	
  physics	
  impacts,	
  
interpretaCons,	
  	
  and	
  the	
  connecCons	
  of	
  the	
  observed	
  single	
  spin	
  
asymmetry	
  (SSA)	
  phenomena	
  in:	
  
•  	
  Inclusive	
  hadron	
  SSA	
  observed	
  in	
  proton-­‐proton	
  collision	
  at	
  
Fermilab	
  and	
  RHIC.	
  

•  	
  Target	
  SSA	
  in	
  semi-­‐inclusive	
  deep	
  inelasCc	
  scaNering	
  (SIDIS).	
  
•  	
  New	
  Jefferson	
  Lab	
  results	
  of	
  polarized	
  target	
  SSA	
  in	
  inclusive	
  
hadron	
  producgon	
  	
  e+Né-­‐>h+X	
  (arXiv:1311.1866)	
  

	
  	
  	
  	
  HERMES	
  e+pé-­‐>h+X	
  (arXiv:1310.5070)	
  
	
  	
  
I	
  will	
  also	
  discuss	
  on-­‐going	
  and	
  future	
  experimental	
  efforts,	
  
including	
  :	
  
•  	
  Polarized	
  target	
  Drell-­‐Yan	
  experiments	
  at	
  Fermilab	
  (E-­‐1039).	
  
•  	
  Forward	
  jet	
  producgon	
  asymmetry	
  in	
  p+p	
  with	
  the	
  upgraded	
  
PHENIX	
  experiment	
  at	
  RHIC	
  	
  pé+p-­‐>	
  jet	
  +	
  X	
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3He!(e, h)X
h = ! +/", K +/"

Polarized	
  3He	
  as	
  an	
  effecCve	
  
polarized	
  neutron	
  target.	
  

~90%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~1.5%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~8.4%	
  	
  	
  	
  



Beam	
  Polarimetry	
  
(Møller	
  +	
  Compton)	
  

Luminosity	
  
Monitor	
  

3He!(e, h)X
h = ! +/", K +/"
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  Inclusive	
  Hadron	
  SSA	
  
( )( )0sin 90=A S
S

UT ϕ
ϕ

vertical	
  target 

 JLab: 3He 	
  arXiv:1311.1866	
  	
  

12/25/13	
   Discussions@PKU	
  Part-­‐II	
  
14	
  



	
  

	
  	
  Inclusive	
  Hadron	
  SSA	
  
( )( )0sin 90=A S
S

UT ϕ
ϕ

vertical	
  target 

 JLab: 3He 	
  arXiv:1311.1866	
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viewed	
  along	
  the	
  direcCon	
  of	
  the	
  
neutron’s	
  momentum,	
  π+	
  	
  favors	
  the	
  
right	
  side	
  of	
  the	
  spin	
  vector,	
  while	
  π−	
  	
  
favors	
  the	
  lea	
  side	
  of	
  the	
  spin	
  vector.	
  

In	
  l+N	
  center-­‐of-­‐mass	
  frame,	
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In	
  neutron:	
  	
  
	
  u-­‐quark-­‐term/d-­‐quark-­‐term=	
  2.43	
  

we	
  observed	
  SSA	
  in	
  size:	
  
	
  
π+/π-­‐	
  =2.5	
  ~	
  3.0	
  

Z.	
  Lu	
  and	
  I.	
  Schmidt,	
  Phys.	
  Rev.	
  D	
  75,	
  073008	
  (2007).	
  

Consider	
  the	
  valence	
  quarks’	
  
contribuCon	
  to	
  nucleon’s	
  anomalous	
  
magneCc	
  moments:	
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  Inclusive	
  Hadron	
  SSA	
  
 HERMES: proton 	
  arXiv:1310.5070	
  

viewed	
  along	
  the	
  direcCon	
  of	
  the	
  	
  
proton’s	
  momentum,	
  π+	
  	
  favors	
  the	
  
lea	
  side	
  of	
  the	
  spin	
  vector,	
  while	
  π−	
  	
  
favors	
  the	
  right	
  side	
  of	
  the	
  spin	
  vector.	
  

In	
  l+p	
  center-­‐of-­‐mass	
  frame,	
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So	
  far,	
  we’ve	
  seen	
  	
  

Discussions@PKU	
  Part-­‐II	
  

	
  Significant	
  single	
  spin	
  asymmetries	
  in	
  :	
  
•  	
  Inclusive	
  hadron	
  producCon:	
  	
  pé+p-­‐>	
  h	
  +	
  X	
  
•  	
  Semi-­‐inclusive	
  deep	
  inelasCc	
  scaNering:	
  e+Né-­‐>e’+h+X	
  	
  
•  	
  Inclusive	
  hadron	
  producCon,	
  JLab	
  on	
  neutron:	
  	
  e+né-­‐>h+X	
  	
  
	
  	
  	
  	
  	
  HERMES	
  on	
  proton:	
  e+pé-­‐>h+X	
  	
  
	
  
	
  
What	
  happens	
  in	
  a	
  high	
  energy	
  real-­‐photon	
  beam	
  experiment:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  γ+pé-­‐>h+X	
  	
  	
  	
  	
  ???	
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In	
  addiCon,	
  	
  there’s	
  new	
  data	
  on:	
  pé+p-­‐>	
  jet	
  +	
  X	
  



	
  
Jet	
  AN:	
  	
  LeR-­‐Right	
  Asymmetry	
  in	
  pé+p-­‐>	
  jet+X	
  	
  
AnDY	
  	
   •  Jet	
  AN	
  is	
  sensiCve	
  to	
  Sivers-­‐type	
  effect	
  

only.	
  Collins-­‐type	
  effect,	
  from	
  polarized	
  
quark	
  fragmentaCon,	
  vanishes	
  when	
  
integraCng	
  over	
  	
  jet.	
  

•  Both	
  up	
  and	
  down	
  quarks	
  contribute.	
  	
  η=3.25	
  
arXiv:1304.1454	
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viewed	
  along	
  the	
  direcCon	
  of	
  the	
  	
  
polarized	
  proton’s	
  momentum,	
  jets	
  	
  
favors	
  the	
  lea	
  side	
  of	
  the	
  spin	
  vector.	
  	
  

In	
  pé+p	
  center-­‐of-­‐mass	
  frame,	
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Switching	
  back	
  to	
  high	
  energy	
  pé+p	
  
collisions	
  at	
  RHIC	
  …	
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At	
  RHIC,	
  	
  PHENIX	
  detector	
  upgrade,	
  
	
  
Forward	
  sPHENIX	
  	
  	
  
	
  
A	
  physics	
  example	
  	
  	
  pé+p-­‐>	
  jet	
  +	
  X	
  
	
  



fsPHENIX	
  Working	
  Concept	
  

22	
  

Forward	
  tracking	
  +	
  calorimetry,	
  
certainly	
  capable	
  of	
  jet	
  measurements	
  

C.	
  da	
  Silva,	
  J.	
  Huang	
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Complementary	
  to	
  EIC	
  
	
  	
  

Physics	
  Discovery	
  Potengal	
  of	
  fsPHENIX:	
  

Q:	
  	
  What	
  fsPHENIX	
  physics	
  is	
  crucial	
  and	
  can	
  not	
  be	
  accomplished	
  by	
  EIC	
  	
  alone?	
  
	
  
A:	
  one	
  example,	
  forward	
  jet	
  AN	
  in	
  p+p,	
  to	
  illustrate	
  the	
  discovery	
  potenCal	
  of	
  fsPHENIX.	
  
	
  
fsPHENIX,	
  in	
  combinaCon	
  with	
  EIC,	
  	
  will	
  provide	
  unique	
  opportuniCes	
  in:	
  
•  Detailed	
  studies	
  of	
  nucleon	
  and	
  nucleus	
  structure	
  

•  Test	
  and	
  advance	
  our	
  understandings	
  of	
  strong	
  interacCon	
  QCD	
  dynamics,	
  
such	
  as	
  confinement,	
  quark	
  energy	
  loss,	
  gluon	
  saturaCon,	
  and	
  

quark	
  transversity,	
  Sivers	
  distribuCon	
  (TMDs),	
  un-­‐integrated	
  gluon	
  distribuCons…	
  	
  

•  universality	
  of	
  parton	
  distribugons	
  and	
  fragmentagon	
  funcgons.	
  
•  gauge	
  invariance	
  properges,	
  such	
  as	
  process	
  dependent	
  PDF.	
  	
  
•  connecgon	
  of	
  TMD	
  factorizagon	
  and	
  Collinear	
  Twist-­‐3	
  factorizagon	
  approaches.	
  

Can	
  not	
  be	
  addressed	
  by	
  EIC	
  alone	
  !	
  



TMD	
  Factorizagon	
  and	
  Collinear	
  Twist-­‐3	
  Factorizagon	
  
Two	
  types	
  of	
  theoreCcal	
  framework	
  to	
  describe	
  SSA	
  phenomena	
  in	
  SIDIS,	
  	
  and	
  in	
  p+p	
  	
  	
  

treated	
  SIDIS	
  data	
  only	
  
0.006<x<0.3	
  

treated	
  p+p	
  data	
  only	
  
0.3<x<0.7	
  

•  Transversity	
  
•  Sivers	
  distribuCon	
  
•  Collins	
  fragmentaCon	
  funcCon	
  
•  Other	
  spin-­‐dependent	
  frag.	
  func…	
  

•  Twist-­‐3	
  quark-­‐gluon	
  correlaCon	
  funcCon	
  
	
  (ETQS),	
  tri-­‐gluon	
  correlaCon	
  funcCon	
  …	
  
•  Twist-­‐3	
  fragmentaCon	
  funcCons…	
  

One	
  expects	
  consistency	
  of	
  the	
  two	
  approaches,	
  when	
  gauge	
  invariance	
  is	
  accounted:	
  

g:	
  gauge	
  line	
  factor,	
  process	
  dependent	
  	
  	
  

linked	
  

ETQS	
   Sivers	
  distribuCon	
  
24	
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SIDIS	
  vs	
  p+p:	
  Interpretagon	
  Disagree	
  

p+p	
  

SIDIS	
   p+p	
  

SIDIS	
  

Data	
  covered	
  different	
  x-­‐range.	
  Sivers	
  distribuCon	
  has	
  a	
  rapid	
  sign	
  change	
  at	
  high-­‐x	
  ?	
  
Major	
  flaws	
  in	
  theory	
  ?	
  	
  Unknown	
  physics	
  ?	
  	
  
	
  
fsPHENIX:	
  provide	
  p+p	
  data	
  (0.1<x<0.7)	
  	
  to	
  be	
  compared	
  with	
  JLab-­‐12GeV	
  and	
  EIC.	
  

SIDIS:	
  final	
  state	
  interacCon	
  only.	
  
p+p:	
  both	
  iniCal	
  state	
  and	
  final	
  state	
  interacCons.	
  

Inconsistencies	
  and	
  controversies	
  will	
  lead	
  to	
  discoveries.	
  	
  
25	
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fsPHENIX	
  is	
  complementary	
  to	
  EIC:	
  Example-­‐1	
  	
  
Jet	
  AN:	
  	
  LeR-­‐Right	
  Asymmetry	
  in	
  pé+p	
  

AnDY	
  	
   •  Jet	
  AN	
  is	
  sensiCve	
  to	
  Sivers-­‐type	
  effect	
  
only.	
  Collins-­‐type	
  effect,	
  from	
  polarized	
  
quark	
  fragmentaCon,	
  vanishes	
  when	
  
integraCng	
  over	
  	
  jet.	
  

•  Both	
  up	
  and	
  down	
  quarks	
  contribute.	
  	
  

η=3.25	
  
arXiv:1304.1454	
  	
   •  AnDY	
  jets:	
  calorimeter	
  only.	
  Lacking	
  

informaCon	
  on	
  parCcle	
  charge,	
  
momentum	
  and	
  details	
  of	
  jet.	
  	
  

•  Both	
  iniCal	
  state	
  and	
  final	
  state	
  
interacCons	
  contribute.	
  

•  “Conspiracy	
  cancellagon”	
  between	
  up	
  and	
  down	
  quarks	
  makes	
  AN	
  small.	
  
•  Process	
  dependency	
  leads	
  to	
  very	
  different	
  interpretagons.	
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Anselmino	
  et	
  al.	
  updated	
  2012.	
  

Using	
  the	
  same	
  Sivers	
  funcCons	
  
from	
  a	
  global	
  fit	
  to	
  SIDIS	
  data	
  	
  

•  Predict	
  jet	
  AN	
  	
  with	
  and	
  without	
  
consideragon	
  of	
  	
  Sivers	
  funcgon’s	
  
process	
  dependency.	
  

•  Break	
  	
  into	
  contribugons	
  from	
  up	
  
and	
  down	
  quarks.	
  

Without	
  process	
  dependency:	
  
Anselmino	
  et	
  al.	
  2013.	
  

With	
  process	
  dependency:	
  
Kang	
  et	
  al.	
  2013.	
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Not	
  considering	
  	
  “process	
  dependency”	
  of	
  Sivers	
  funcCon	
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Directly	
  use	
  Sivers	
  funcCon	
  from	
  SIDIS	
  fit	
  

up-­‐quark	
  

down-­‐quark	
  
combined	
  

Anselmino	
  et	
  al.	
  	
  2013.	
  

Jets	
  with	
  more	
  up-­‐quark	
  contribuCons	
  èmore	
  posiCve	
  AN	
  

Jets	
  with	
  more	
  down-­‐quark	
  contribuCons	
  èmore	
  negaCve	
  AN	
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Consider	
  “Process	
  Dependency”	
  of	
  
Sivers	
  funcCon	
  

N
A

Fx
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  GeV	
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  GeV	
  
AnDY	
  

Sivers	
  funcCons	
  in	
  Jet	
  AN	
  have	
  opposite	
  signs	
  to	
  that	
  of	
  SIDIS.	
  	
  	
  Kang	
  et	
  al.	
  2013	
  

up-­‐quark’s	
  contribuCon	
  is	
  negaCve,	
  down-­‐quark’s	
  contribuCon	
  is	
  posiCve.	
  
(Plots	
  will	
  be	
  updated	
  with	
  separated	
  bands	
  of	
  up	
  and	
  down	
  quarks)	
  	
  

up	
  quark	
  

down	
  qu
ark	
  

up	
  quark	
  

down	
  qu
ark	
  

Jets	
  with	
  more	
  up-­‐quark	
  contribuCons	
  èmore	
  negaCve	
  AN	
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fsPHENIX	
  Stage-­‐I	
  
Forward	
  jets.	
  
Charge	
  hadrons	
  inside	
  jets.	
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Jet	
  AN	
  for	
  fsPHENIX	
  up-­‐quark	
  

down-­‐quark	
  

combined	
  

Anselmino	
  et	
  al.	
  2013.	
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Mike’s	
  simulaCon	
  
FracCon	
  of	
  up-­‐quark	
  jets	
  
with	
  different	
  selecCons.	
  
	
  
to	
  enhance	
  one	
  flavor	
  of	
  
quark	
  jets.	
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spin	
  

Jet	
  AN	
  with	
  fsPHENIX	
  
•  Which	
  side	
  a	
  jet	
  favors,	
  lea	
  or	
  

right	
  of	
  the	
  spin	
  vector	
  ?	
  	
  

•  Does	
  it	
  maNer	
  when	
  selecCng	
  
different	
  types	
  of	
  jet	
  ?	
  

•  Consistent	
  with	
  predicCons	
  based	
  on	
  
SIDIS	
  data	
  +	
  process	
  dependency	
  ?	
  

Can	
  only	
  be	
  done	
  with	
  fsPHENIX	
  at	
  	
  RHIC,	
  the	
  world’s	
  only	
  polarized	
  
p+p	
  collider.	
  	
  	
  Not	
  at	
  a	
  fixed	
  target	
  experiment.	
  Not	
  at	
  EIC.	
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33	
  

fsPHENIX	
  is	
  complementary	
  to	
  EIC:	
  	
  
Example-­‐2,	
  Example-­‐3,	
  Example-­‐4,	
  Example-­‐5	
  …	
  at	
  Stage-­‐I	
  	
  

	
  

Transversity*(Collins	
  Frag.	
  Func.)	
  
Transversity*(2h_Interf.	
  Frag.	
  Func.)	
  
Transversity*(spin_transf.	
  Frag.	
  Func.)	
  

Transversity*(Chiral-­‐Odd	
  Frag.	
  Func.)	
  

Can	
  only	
  be	
  done	
  with	
  fsPHENIX	
  at	
  	
  RHIC,	
  the	
  world’s	
  only	
  polarized	
  
p+p	
  collider.	
  	
  	
  Not	
  at	
  a	
  fixed	
  target	
  experiment.	
  Not	
  at	
  EIC.	
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Summary	
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  Significant	
  single	
  spin	
  asymmetries	
  have	
  been	
  observed	
  in	
  :	
  
•  	
  Inclusive	
  hadron	
  producCon:	
  	
  pé+p-­‐>	
  h	
  +	
  X	
  
•  	
  Semi-­‐inclusive	
  deep	
  inelasCc	
  scaNering:	
  e+Né-­‐>e’+h+X	
  	
  
•  	
  Inclusive	
  hadron	
  producCon,	
  JLab	
  on	
  neutron:	
  	
  e+né-­‐>h+X	
  	
  
	
  	
  	
  	
  	
  HERMES	
  on	
  proton:	
  e+pé-­‐>h+X	
  	
  
•  Inclusive	
  jet	
  producCon	
  at	
  RHIC	
  (AnDY):	
  pé+p-­‐>	
  jet	
  +	
  X	
  
	
  	
  
We	
  are	
  pushing	
  for	
  the	
  next	
  generaCon	
  SSA	
  experiments:	
  
•  Target	
  SSA	
  with	
  real	
  photon	
  beam	
  Hall-­‐D@JLab12:	
  γ+pé-­‐>h+X	
  
	
  	
  	
  	
  	
  	
  (Eγ=9.0~11.0	
  GeV,	
  can	
  by	
  polarized,	
  linearly	
  or	
  circularly.	
  pTh=0~2.0	
  GeV/c)	
  
•  Polarized	
  target	
  Drell-­‐Yan	
  E-­‐1039@FNAL:	
  	
  p+pé-­‐>	
  μ+μ-­‐	
  +	
  X	
  
•  	
  Forward	
  jet	
  asymmetry	
  fsPHENIX@RHIC:	
  	
  pé+p-­‐>	
  jet	
  +	
  X	
  
	
  	
  	
  	
  	
  	
  	
  (with	
  “charge	
  selected”	
  jets	
  to	
  favor	
  up	
  or	
  down	
  quark)	
  
	
  	
  	
  	
  	
  	
  	
  (Can	
  also	
  use	
  jet1+jet2+X,	
  γ+jet+X	
  channels	
  etc.)	
  
	
  
If	
  RHIC	
  has	
  polarized	
  3He	
  beam	
  in	
  the	
  future:	
  3Heé+p-­‐>	
  jet	
  +	
  X	
  
To	
  observe	
  SSA	
  sign	
  flip	
  due	
  to	
  valence	
  up_quark	
  <-­‐>	
  down_quark.	
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Jet	
  AN	
  	
  PredicCons	
  for	
  fsPHENIX	
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down-­‐quark	
  

combined	
  

Anselmino	
  et	
  al.	
  updated	
  2012.	
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