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•  Polarized	
  structure	
  func1ons	
  in	
  longitudinal	
  momentum	
  space:	
  
	
  	
  	
  	
  	
  quark	
  and	
  gluon	
  helici1es	
  from	
  inclusive,	
  semi-­‐inclusive	
  DIS	
  and	
  pp	
  

	
  	
  
•  Transverse	
  momentum	
  dependent	
  	
  (TMD)	
  distribu1on	
  func1ons	
  

	
  and	
  rela1on	
  to	
  OAM	
  from	
  SIDIS,	
  e+e-­‐	
  and	
  pp	
  
	
  

Status	
  of	
  polarized	
  structure	
  func1ons	
  
C.	
  Marchand,	
  CEA	
  Saclay	
  



The	
  spin	
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  the	
  nucleon	
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Three	
  twist-­‐2	
  quark	
  DF’s	
  in	
  collinear	
  approxima1on	
  (∫dk⊥)	
  

Sz
N

!
=
1
2
=
1
2
!"+!G + Lz

q + Lz
g

!Coll
Tw"2 (x) = 1

2
q(x)+ SL!5#q(x)+ ST!5!

1#Tq(x){ }n+

helicity	
   transversity	
  

NR	
  limit	
  
[boost,	
  rotat.]=0	
  

➡	
  	
   !Tq(x,Q
2 ) = !q(x,Q2)

➡	
  	
   Expect	
  non	
  small	
  ΔTq	
  

≈30%	
  	
  :	
  Spin	
  puzzle	
  

Jq	
  

Jg	
  



Experiments:	
  e(μ)	
  fixed	
  target,	
  pp	
  collisions	
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Inclusive	
  DIS	
  polarized	
  structure	
  funcTons	
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i r f u

yalcas

i r f u

yalcas

i r f u

yalcas F. Kunne                                       DIS 2011, Newport News, VA, USA, April  2011 15

G from global fits
)()(

2
1)( 2

1 xqxqexg q
inclusive
DISPolarized DIS, spin structure function g1

Polarized PDFs

CLAS

deuteronproton

Spin structure functions : Input to global QCD fits for extraction of 
qf(x) and G(x) using evolution equations.

However x and Q2 coverage not yet sufficient
Use constraint from pp data (DSSV)

Note: 200 GeV proton data to come from COMPASS 2011 run
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Inclusive	
  DIS:	
  extracTon	
  of	
  quark	
  and	
  gluon	
  heliciTes	
  

March	
  26,	
  2012	
   C.	
  Marchand	
  	
  	
  	
  DIS2012	
  	
  	
  	
  Bonn	
   5	
  

from	
  neutron	
  and	
  hyperon	
  decays	
  

	
  ∫g1dx	
  	
  
➥	
  Moments	
  

a3=	
  
a8=	
  

∆Σ=a0= 0.33±0.03±0.05 (evol. to Q2=∞) 

(∆s+∆s)=1/3(a0-a8) = -0.08 ± 0.01 ± 0.02   
_	
  

g1
p =
1
2
4
9
!u+!u( )+ 19 !d +!d( )+ 19 !s+!s( )"

#$
%
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Singlet :!" = (!u+!u)++(!d +!d)+ (!s+!s)#
$

%
&

NS :!q3 = (!u+!u)' (!d +!d)#
$

%
&

NS :!q8 = (!u+!u)+ (!d +!d)' 2(!s+!s)#
$

%
&

g1
d =
1
2
1
9
!u+!u( )+ 49 !d +!d( )+ 19 !s+!s( )"

#$
%
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NLO:	
  DGLAP	
  links	
  q	
  and	
  g	
  

!1
p = g1

p x( )
0

1
" dx;!!1

d = g1
p x( )

0

1
" dx

!!!!!!1
p #!!1

d =
a3
6
(1+! 2corr)!!(Bjorken!SR)

+	
  

Blümlein,	
  Bö+cher	
  arXiv	
  1101.0052	
  

!u = !d = !s = !sAssume	
  SU(3)	
  flavor	
  symmetry:	
  	
  

Compass	
  

6(Γ1
p-Γ1

n)/(1+α2 corr) = 1.28±0.07±0.10 

WG6:	
  E.	
  Nocera,	
  A.L.	
  Kataev	
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  DIS:	
  extracTon	
  of	
  quark	
  heliciTes	
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WG6:	
  M.	
  Stolarski	
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SIDIS:	
  direct	
  extracTon	
  of	
  quark	
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  LO	
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HERMES:	
  PLB666(2008)446	
  

DIS: (∆s+∆s) = -0.08 ± 0.01 ± 0.02   
_	
  

Q2 = 3!GeV 2



SensiTvity	
  of	
  strange	
  quark	
  helicity	
  to	
  FF	
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LSS	
  1103.5979	
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  FF	
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  PLB	
  693	
  (2010)	
  

Compass	
  preliminary	
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  preliminary	
  

WG4:	
  N.	
  Makke	
  



Polarized	
  valence:	
  difference	
  asymmetries	
  SIDIS	
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x	
  

K.	
  Rith,	
  Hera	
  Symposium’11	
  	
  

Compass	
  d,	
  PLB	
  660	
  (2008)	
  458	
  	
  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!qv = !q"!q

#v = !uv +!dv( )
0

1
$ dx = %u +%v " 2(!u+!d)

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!a8 = %u +%v " 2(!s+!s)

WG6:	
  P.	
  Kravchenko	
  



Polarized	
  sea:	
  parity	
  violaTng	
  W	
  decay	
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Unpolarized:	
  



Polarized	
  sea:	
  parity	
  violaTng	
  W	
  decay	
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Projected	
  errors	
  for	
  future	
  

Present	
  status	
  

WG6:	
  B.	
  Surrow,	
  Y.J.	
  Kim	
  	
  



Direct	
  measurements	
  of	
  DeltaG/G:	
  Open	
  charm	
  (NLO)	
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NLO	
  

ALL
µN (LO) = RPGFaLL

PGF !g
g
(x)

Photon-­‐Gluon	
  fusion	
  

WG6:	
  M.	
  Stolarski	
  



Direct	
  measurements	
  of	
  DeltaG/G:	
  High	
  pT	
  (LO)	
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ALL
µN (LO) = RPGFaLL

PGF !g
g
(x)+.....

Photon-­‐Gluon	
  fusion	
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DSSV: D. de Florian et al., Phys. Rev. D80(2009)034030 
LSS: E. Leader, A.V. Sidorov, D.B. Stamenov, arXiv 1010.5742(2010) 

x!g(x)



DeltaG/G	
  from	
  hig	
  pT:	
  validity	
  of	
  NLO	
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COMPASS	
  <√s>=17	
  GeV	
  
RHIC	
  √s	
  =	
  200	
  Gev	
  	
  

Unpolarized	
  X-­‐sec1on	
  as	
  func1on	
  of	
  pT	
  

•  CERN,	
  HERMES	
  data	
  not	
  included	
  in	
  NLO	
  	
  global	
  fits	
  yet	
  
•  RHIC	
  CM	
  energies	
  OK	
  for	
  applicability	
  of	
  NLO	
  to	
  ALL(pT)	
  WG6:	
  C.	
  Hoeppner	
  

	
  	
  	
  M.	
  Pfeuffer	
  



Direct	
  measurements	
  of	
  DeltaG/G	
  with	
  pp-­‐>jets	
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Direct	
  measurements	
  of	
  DeltaG/G	
  with	
  pp-­‐>	
  jets	
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DSSV	
  Phys.	
  Le+.	
  101	
  (2008)	
  

!g(x)dx = 0.005"0.058
+0.051

0.05

0.2
# (!! 2 =1); !g(x)dx = 0.005"0.164

+0.129
0.05

0.2
# (!! 2 / ! 2 = 2%)

WG6:	
  S.	
  Wolin	
  



DIS+SIDIS+pp:	
  global	
  fit	
  to	
  extract	
  q	
  and	
  g	
  helicity	
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DSSV	
  Phys.	
  Le+.	
  101	
  (2008)	
  

!g(x)dx = 0.013"0.120
+0.106

0

1
# (!! 2 =1); !g(x)dx = 0.013"0.314

+0.702
0

1
# (!! 2 / ! 2 = 2%)
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0.05
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1
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2
!"+!G + Lz

q + Lz
g = 0.16+!G + Lz
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WG6:	
  W.	
  Vogelsang	
  



Constrain	
  gluon	
  helicity	
  at	
  future	
  EIC	
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•  Ee:	
  5-­‐30	
  GeV	
  
•  Ep:	
  50-­‐325	
  GeV	
  
•  √s:	
  30-­‐200	
  GeV	
  
•  xmin	
  =	
  10-­‐4;	
  Q2

max=104	
  GeV2	
  

•  Polar:	
  ~70%	
  (e,p,3He,D)	
  
•  Lumi:	
  >1033	
  cm-­‐2s-­‐1	
  

WG6+7:	
  M.	
  Stratmann	
  



g2	
  structure	
  funcTon	
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Hermes	
  arXiv	
  1112.5584	
  

JLAB	
  Hall	
  A	
  

proton	
  

neutron	
  

Higher	
  TW:	
  quark-­‐gluon	
  correlaTons	
  

d2
p Q2 = 5GeV 2( ) = 0.0148± 0.0096(stat)± 0.0048(syst)
g2
p x,Q2 = 5GeV 2( )0.023

0.9
! = 0.006± 0.024(stat)± 0.017(syst)
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Bacche+a	
  et	
  al.	
  
PRD78(2008)	
  

Göckeler	
  et	
  al.	
  
PRL98(2007)	
  

Quark	
  distribuTons	
  in	
  nuclei:	
  3D	
  picture	
  



Transverse	
  Momentum	
  Dependent	
  (TMD)	
  DF	
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Twist-­‐2	
  
DF	
  

Twist-­‐3	
  
DF	
  

Survive	
  kT	
  integra1on	
  

h1	
  ≠	
  g1	
  :	
  rela1vis1c	
  effects	
  
and	
  no	
  mix	
  with	
  gluons	
  in	
  

spin	
  ½	
  nucleon	
  

Sivers	
  &	
  BM:	
  Naive	
  T-­‐odd	
  elements:	
  
-­‐contain	
  informa1on	
  about	
  OAM	
  
-­‐sign	
  change	
  between	
  SIDIS	
  and	
  DY	
  
	
  

Chiral-­‐Odd	
  TMD	
  (ϒ5ϒ1)	
  



Possible	
  ways	
  to	
  access	
  TMD’s	
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WG6:	
  Y.	
  Makdisi	
  



TMD	
  formalism	
  in	
  SIDIS	
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Courtesy:	
  Jiang,	
  Wehai’11	
  

SSA	
  

DSA	
  
Pretzelosity	
  

Worm-­‐Gear	
  

Boer-­‐Mulders	
  

Sivers	
  

Transv/Collins	
  

Worm-­‐Gear	
  

Helicity	
  

WG6:	
  P.	
  Mulders,	
  	
  J.W.	
  Qui	
  



Collins	
  and	
  Sivers	
  TMD’s	
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Courtesy:	
  N.	
  Makins,	
  PANIC’11	
  

sin(!h +!S ) sin(!h "!S )
Angle	
  of	
  hadron	
  /	
  
	
  iniTal	
  quark	
  spin	
  

Angle	
  of	
  hadron	
  /	
  
	
  final	
  quark	
  spin	
  



TMD:	
  Collins	
  SIDIS	
  &	
  pp	
  SSA	
  for	
  π	
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PLB693(2010)	
  

JLAB	
  neutron,	
  PRL107(2011)	
  

COMPASS	
  d,	
  PLB673(2009)	
  

COMPASS	
  p	
  

STAR	
  pp,	
  mid	
  rapidity	
  

WG6:	
  C.	
  Adolf	
  



TMD:	
  Collins	
  SIDIS	
  SSA	
  for	
  K	
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COMPASS	
  d,	
  PLB673(2009)	
   Hermes	
  p,	
  PLB693(2010)	
  

COMPASS	
  p,	
  2007	
  data	
  



TMD:	
  Global	
  fits	
  to	
  Collins	
  1h	
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•  Fit	
  to	
  Compass	
  d	
  +	
  Hermes	
  p	
  (no	
  Compass	
  p	
  in	
  fit	
  yet)	
  
•  h1u,d	
  slightly	
  smaller	
  than	
  g1u,d	
  (Δu,Δd)	
  

WG6:	
  M.	
  Leitgab	
  

1
2
q+!q( )(x)

Q2=2.4GeV2	
  

!q(x)



TMD:	
  Collins	
  asymmetry	
  2	
  h	
  SIDIS	
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•  Independent	
  access	
  to	
  h1q	
  
•  Combining	
  p+d	
  ➝	
  h1u,	
  h1d	
  

	
  	
  	
  	
  	
  (not	
  shown	
  here)	
  

WG6:	
  A.	
  Courtoy	
  

WG6:	
  C.	
  Braun	
  



TMD:	
  Sivers	
  SIDIS	
  SSA	
  for	
  π	
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COMPASS	
  d,	
  PLB673(2009)	
  

COMPASS	
  p	
  

PRL103(2009)	
  

JLAB	
  neutron,	
  PRL107(2011)	
  

WG6:	
  V.	
  Sulkovsky	
  

Compass	
  confirms	
  Hermes	
  with	
  2010	
  new	
  data	
  set	
  



TMD:	
  Sivers	
  SIDIS	
  SSA	
  for	
  K	
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COMPASS	
  d,	
  PLB673(2009)	
  

COMPASS	
  p,	
  2007	
  data	
  

Hermes	
  p,	
  PRL103(2009)	
  



Sivers	
  asymmetry	
  SIDIS	
  and	
  OAM	
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Courtesy	
  Bacche+a,	
  PINAN’11	
  

Fit	
  to	
  Compass	
  d,	
  Hermes	
  p	
  
+	
  unpol	
  FF	
  

PRL	
  107	
  (2011)	
  

Pavia	
  
Torino	
  

WG6:	
  A.	
  BaccheRa	
  
	
  	
  	
  M.	
  Boglione	
  

AUT
sin(!"!s ) # f1T

$ (x)%D1
q (z)



Sivers	
  asymmetry	
  SIDIS	
  and	
  quark	
  OAM	
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Courtesy	
  Bacche+a,	
  PINAN’11	
  

La^ce:	
  Wakamatsu,	
  EPJA44(2010)	
  

WG6:	
  S.	
  Collins	
  

WG6:	
  F.	
  Yuan	
  



TMD:	
  Boer-­‐Mulders	
  in	
  SIDIS	
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Courtesy:	
  K.	
  Rith,	
  Hera’11	
  	
  	
  	
  	
  

WG6:	
  F.	
  Giordano	
  



TMD:	
  Worm-­‐Gear	
  in	
  SIDIS	
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Jlab	
  n,	
  PRL108(2012)	
  

consistent	
  posi1ve	
  
signal	
  for	
  π+	
  on	
  p,n	
  



TMD:	
  Sivers	
  (	
  &BM)	
  asymmetry	
  DY	
  (future)	
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Test	
  of	
  TMD	
  factorizaVon	
  at	
  QCD	
  level	
  

WG7:	
  G.	
  Mallot,	
  K.	
  Boyle,	
  M.	
  Lamont	
  



Summary	
  &	
  Outlook	
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q  Helicity	
  distribu1ons	
  for	
  quark	
  and	
  gluons:	
  
	
  -­‐Valence	
  Δuv,Δdv	
  quite	
  well	
  known,	
  but	
  Σ(Δq)	
  only	
  33%	
  of	
  nucleon	
  spin	
  
	
  -­‐Separated	
  Δq,Δq	
  obtained,	
  but	
  sTll	
  issues	
  with	
  sea	
  polarizaTon	
  
	
  -­‐ΔG/G(x)	
  from	
  direct	
  measurements,	
  but	
  sTll	
  limited	
  in	
  x	
  range	
  

	
  
q  Transverse	
  momentum	
  dependent	
  DF	
  for	
  quarks:	
  

	
  -­‐Transversity	
  (Collins):	
  clean	
  opposite	
  signals	
  for	
  π+,π-­‐,	
  ΔTq≤Δq	
  	
  
	
  -­‐T-­‐odd	
  Sivers:	
  confirmed	
  signal≠0	
  for	
  π+,	
  =0	
  for	
  π-­‐	
  on	
  p,	
  relaTon	
  to	
  OAM	
  
	
  -­‐Many	
  other	
  SSA	
  and	
  SSA	
  measured,	
  more	
  to	
  come	
  

	
  
q  Expected	
  improvements	
  for	
  future:	
  

	
  -­‐Gluon	
  sector:	
  RHIC,	
  EIC	
  
	
  -­‐Quark	
  sector	
  (helicity,	
  TMD-­‐DY,	
  GPD):	
  COMPASS,	
  JLAB12,	
  RHIC,	
  EIC,	
  ….	
  

_	
  

WG7:	
  	
  	
  	
  	
  	
  G.	
  Mallot,	
  H.	
  Wollny	
  (COMPASS)	
  
	
  	
  	
  	
  	
  	
  	
  	
  K.	
  Griffioen,	
  K.	
  Allada	
  (JLAB12)	
  
	
  	
  	
  	
  	
  	
  	
  	
  K.	
  Boyle,	
  M.	
  Lamont	
  (RHIC)	
  
	
  	
  	
  	
  	
  	
  	
  	
  A.	
  Bazilewski	
  (EIC)	
  

WG6+7:	
  F.	
  Yuan,	
  M.	
  Stratmann	
  (EIC)	
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  for	
  further	
  «	
  surpises	
  »	
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3D imaging of nucleon and OAM 

Jq	
  

Jg	
  

Theory:	
  
WG6:	
  	
  	
  	
  	
  	
  F.	
  Yuan,	
  S.	
  LiuV,	
  J.	
  Wagner	
  
WG2+6:	
  M.	
  Diehl	
  
WG6+7:	
  D.	
  Mueller	
  
	
  
Experimental:	
  
WG6+7:	
  S.	
  Fazio	
  
WG2+6:	
  H.	
  Moutarde,	
  M.	
  Murray	
  

	
  	
  	
  	
  	
  	
  	
  D.	
  Sokhan	
  
	
  
	
  


