
	
  
•  	
  Introduc*on:	
  target	
  single-­‐spin	
  asymmetry	
  (SSA)	
  
	
  	
  	
  	
  (	
  in	
  parity	
  conserving	
  interac*ons).	
  
• Results	
  of	
  JLab	
  polarized	
  3He	
  target	
  SSA	
  measurements:	
  

•  Semi-­‐inclusive	
  deep-­‐inelas*c	
  scaDering	
  channels	
  (E06-­‐010)	
  
•  Target	
  single-­‐spin	
  asymmetry	
  AUT	
  ,	
  Collins	
  and	
  Sivers	
  SSA	
  on	
  neutron.	
  •  Inclusive	
  channels	
  (E06-­‐010,	
  E05-­‐015,	
  E07-­‐013)	
  
•  	
  Target	
  SSA:	
  inclusive	
  hadron	
  produc*on	
  channels.	
  
•  	
  Target	
  SSA:	
  inclusive	
  3He(e,e’)	
  quasi-­‐elas*c	
  scaDering.	
  	
  
•  	
  Target	
  SSA:	
  inclusive	
  3He(e,e’)	
  deep	
  inelas*c-­‐elas*c	
  scaDering.	
  	
  	
  	
  

•  New	
  SIDIS	
  experiments	
  planned	
  in	
  Hall-­‐A	
  for	
  JLab-­‐12	
  GeV.	
  	
  

	
  Recent	
  Results	
  of	
  Target	
  Single-­‐Spin	
  Asymmetry	
  
Measurements	
  from	
  Jefferson	
  Lab	
  Hall	
  A	
  
Xiaodong	
  Jiang,	
  	
  Los	
  Alamos	
  Na1onal	
  Laboratory.	
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Quarks	
  in	
  a	
  transversely	
  polarized	
  nucleon	
  can	
  tell	
  lec-­‐right,	
  	
  
up-­‐quarks	
  favor	
  lec,	
  down-­‐quarks	
  favor	
  right.	
  	
  

One	
  possible	
  explana1on	
  (Sivers	
  
effect):	
  	
  quark	
  transvers	
  mo1on	
  
generates	
  a	
  leg-­‐right	
  bias.	
  

	
  
E704:	
  	
  PLB	
  264	
  (1991)	
  462.	
  

! 

p" + p#$ + X

! 

   AN =
"# $"%

"# +"%

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

Introduc*on:	
  single-­‐spin	
  asymmetry	
  in	
  	
  	
  



ANL	
  –	
  4.9	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BNL	
  –	
  6.6	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  FNAL	
  –	
  20	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BNL	
  –	
  62.4	
  GeV	
  

Single-­‐Spin	
  Asymmetry	
  in	
  	
  	
  

SSA	
  does	
  not	
  disappear	
  at	
  a	
  higher	
  energy.	
  
Similar	
  size	
  SSA	
  persists	
  at	
  √s=200,	
  500	
  GeV	
  (BRAHMS,	
  PHENIX	
  and	
  STAR)	
  



Nature	
  has	
  produced	
  large	
  lec-­‐right	
  asymmetries	
  

• ~15%	
  of	
  this	
  type	
  of	
  crab	
  are	
  leg-­‐handed,	
  leg-­‐right	
  asymmetry	
  of	
  	
  

A=-­‐70%	
  	
  



(Parity	
  Conserving)	
  Single-­‐Spin	
  Asymmetry	
  

	
  
•  involves	
  a	
  helicity	
  flip.	
  
•  needs	
  two	
  more	
  vectors	
  in	
  addi1on	
  to	
  spin.	
  
Naïve	
  T-­‐Odd.	
  	
  

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

	
  

A	
  lec-­‐right	
  asymmetry	
  which	
  always:	
  

AN ! (
!
k1 "
!
k2 )•
!
S



l  Collins: a transversely polarized quark generates left-right asymmetry 
during fragmentation. 

l  Sivers: quark-distribution is left-right asymmetric in a transversely polarized 
nucleon due to quark’s transverse motion.  

How	
  could	
  a	
  quark	
  tell	
  lec	
  from	
  right	
  ?	
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Transversity  	
  	
  

T-Odd fragmentation function 

T-Odd quark distribution 

Regular fragmentation function 



Quark	
  polariza*on	
  

Unpolarized	
  
(U)	
  

Longitudinally	
  Polarized	
  
(L)	
  

Transversely	
  Polarized	
  
(T)	
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Leading-­‐Twist	
  TMD	
  PDFs	
  

f	
  1T⊥	
  =	
  

h1⊥	
  =	
  

h1	
  =	
  

h1T⊥	
  =	
  

Transversity	
  

Boer-­‐Mulders	
  

Pretzelosity	
  
Sivers	
  

Helicity	
  

f1	
  =	
  

g1	
  =	
  

g1T	
  	
  =	
  
Worm	
  Gear	
  

(trans-­‐helicity)	
  

Nucleon	
  Spin	
  

Quark	
  Spin	
  

h1L⊥	
  =	
  
Worm	
  Gear	
  

(long-­‐transversity)	
  



•  Gold	
  mine	
  for	
  TMDs �
•  Access	
  all	
  eight	
  leading-­‐twist	
  TMDs	
  

through	
  spin-­‐comb.	
  &	
  azimuthal-­‐
modula1ons	
  

•  Tagging	
  quark	
  flavor/kinema1cs	
  

Tool:	
  Semi-­‐inclusive	
  DIS	
  (SIDIS)�



Access	
  TMDs	
  through	
  semi-­‐inclusive	
  DIS	
  

SL,	
  ST:	
  Target	
  Polarization;	
  	
  	
  λe:	
  Beam	
  Polarization	
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Collins	
  and	
  Sivers	
  effects	
  can	
  be	
  separated	
  	
  
in	
  semi-­‐inclusive	
  deep-­‐inelas*c	
  scaDering	
  experiments	
  

Collins	
  effect	
  (linked	
  with	
  transversity	
  h1)	
  and	
  Sivers	
  effect	
  (linked	
  with	
  T-­‐Odd	
  distribu1on	
  f1T)	
  	
  
can	
  be	
  separate	
  through	
  the	
  angular	
  dependence	
  of	
  the	
  asymmetries.	
  



Recent	
  data	
  of	
  semi-­‐inclusive	
  DIS.	
  
Target single-spin asymmetries in semi-inclusive  

 deep-inelastic scattering:  

•  HERMES@DESY:	
  	
  p(e,	
  e'	
  π+/-­‐)X	
  	
  	
  	
  2002-­‐2005	
  
•  COMPASS@CERN:	
  	
  

D(μ,	
  μ'	
  h+/-­‐)X	
  	
  2002-­‐2004	
  
p(μ,	
  μ'	
  h+/-­‐)X	
  	
  2006-­‐2007	
  and	
  2010.	
  

•  Jefferson	
  Lab:	
  n(e,	
  e'π+/-­‐)X.	
  

See	
  A.	
  Prokudin’s	
  talk	
  on	
  Wednesday.	
  



HERMES:	
  
Collins	
  moments	
  
on	
  a	
  proton	
  target	
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COMPASS-­‐2006:	
  small	
  AUT	
  on	
  deuteron	
  (p+n)‏	
  

•  Neutron	
  SSA	
  must	
  have	
  strong	
  flavor	
  dependence,	
  in	
  both	
  Collins	
  and	
  Sivers.	
  

•  d-­‐quark	
  makes	
  a	
  large	
  and	
  opposite	
  contribu1on	
  compared	
  to	
  u-­‐quark.	
  





	
  The	
  first	
  gimps	
  of	
  quark	
  transversity:	
  	
  
fit	
  of	
  exis1ng	
  data	
  to	
  obtain	
  quark	
  transversity	
  	
  distribu1ons	
  	
  

(Torino)	
  
Transversity	
  

From	
  Collins	
  asymmetry	
  of	
  
semi-­‐inclusive	
  DIS,	
  and	
  
correla1on	
  asymmetry	
  in	
  
e+e-­‐èπ+π-	
  



Quark	
  Sivers	
  distribu*ons	
  	
  
from	
  HERMES	
  Proton	
  and	
  COMPASS	
  Deutron	
  data	
  

2002-­‐2004	
   2002-­‐2004	
  

! 

N"(l, l' h)

up-­‐quarks	
  favor	
  lec	
  
(Lu>0),	
  
	
  
down-­‐quarks	
  favor	
  
right	
  (Ld<0).	
  	
  

	
  



Semi-­‐Inclusive	
  Deep-­‐Inelas*c	
  ScaDering	
  on	
  a	
  Neutron	
  	
  



Experiment	
  E06-­‐010	
  @JLab-­‐6	
  GeV	
  
	
  
}  Linear	
  accelerator	
  provides	
  
con1nuous	
  polarized	
  electron	
  
beam	
  
◦  Ebeam	
  =	
  6	
  GeV	
  

◦  Pbeam	
  =	
  85%	
  
	
  

A	
   B	
   C	
  



Beam	
  Polarimetry	
  
(Møller	
  +	
  Compton)	
  

Luminosity	
  
Monitor	
  

! 

3He"(e, e'h)
h = # + /$,K + /$



BigBite	
  Spectrometer	
  
Beam	
  
Polarimetry	
  

Luminosity	
  
Monitor	
  

•  Detects	
  electrons	
  
•  Single	
  dipole	
  magnet	
  
•  A	
  “big	
  bite”	
  of	
  acceptance	
  

–  ΔΩ = 64	
  msr	
  
–  P	
  :	
  0.6	
  ~	
  2.2	
  GeV/c	
  

•  3	
  wire	
  chambers:	
  18	
  planes	
  for	
  
precise	
  tracking	
  	
  

•  Bipolar	
  momentum	
  
reconstruc1on	
  

•  Pre-­‐shower	
  and	
  shower	
  for	
  
electron	
  PID	
  

•  Scin1llator	
  for	
  coincidence	
  
with	
  leg	
  HRS	
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trigger	
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coincidence	
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Kinema*cs	
  Coverage	
  

Q2>1GeV2 

W>2.3GeV 

z=0.4~0.6 

W’>1.6GeV 

x bin 1 2 3 4 

<Q2>=2.0	
  GeV2	
  	
  <W>=2.8	
  GeV.	
  
(HERMES:	
  <Q2>=2.4	
  GeV2).	
  

Coincidence	
  *me-­‐of-­‐flight	
  as	
  
redundant	
  	
  par*cle	
  iden*fica*on	
  
in	
  addi1on	
  to	
  the	
  HRSL	
  standard	
  PID	
  detector	
  cuts.	
  	
  



Polarized	
  3He	
  Gas	
  Target	
  

•  10	
  atm	
  3He,	
  Rb/K	
  alkali	
  mixture	
  	
  	
  
•  Luminosity	
  with	
  15	
  µA	
  electron	
  beam	
  

–  L(n)	
  =	
  1036	
  cm2/s	
  

Polarized	
  Laser	
  
795	
  nm	
  

25	
  G	
  Holding	
  Field	
  

Oven	
  @	
  230	
  oC	
  

Φ	
  =	
  3”	
  

Pumping	
  
Chamber	
  

40	
  cm	
  Target	
  Chamber	
  

10	
  atm	
  3He	
  
Some	
  N2,	
  Rb,	
  K	
  

~90%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~1.5%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~8%	
  	
  	
  	
  





•  High	
  luminosity:	
  L(n)	
  =	
  1036	
  cm-­‐2	
  s-­‐1	
  
•  Record	
  high	
  50-­‐65%	
  polariza1on	
  in	
  beam	
  with	
  automa1c	
  spin	
  flip	
  /	
  20min	
  	
  
•  <P>	
  =	
  55.4%	
  ±	
  0.4%	
  (stat.	
  per	
  spin	
  state)	
  ±	
  2.7	
  %	
  (sys.)	
  

Performance	
  of	
  3He	
  Target	
  
Beam	
  
Polarimetry	
  

Luminosity	
  
Monitor	
  



pT & ϕh- ϕS	
  coverage	
  Kinema*cs	
  coverage	
  

Q2>1GeV2 

W>2.3GeV 

z=0.4~0.6 

W’>1.6GeV 

x bin 1 2 3 4 



JLab	
  E06-­‐010:	
  3He	
  Target	
  Single-­‐Spin	
  Asymmetry	
  in	
  semi-­‐Inclusive	
  DIS	
  	
  
PRL107,	
  072003	
  (2011)	
  	
  

~90%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~1.5%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~8.4%	
  	
  	
  	
  

3He	
  Sivers	
  SSA:	
  
nega*ve	
  sign	
  for	
  π+,	
  	
  	
  
consistent	
  with	
  zero	
  for	
  π-­‐	
  	
  	
  

3He	
  Collins	
  SSA:	
  	
  
not	
  large	
  (as	
  expected).	
  

3He!(e, e 'h), h = ! +,! "

3He!= 0.865 "n!# 2$0.028 "p!



Neutron	
  Single-­‐Spin	
  Asymmetry	
  
PRL107,	
  072003	
  (2011)	
  	
  

Collins	
  
asymmetries	
  are	
  not	
  
large,	
  except	
  at	
  x=0.35	
  

Sivers	
  
agree	
  with	
  global	
  fit,	
  and	
  
light-­‐cone	
  quark	
  model.	
  	
  	
  	
  

! + (ud )

! + (ud )  favors	
  nega1ve.	
  	
  
u-­‐quark	
  in	
  neutron	
  favors	
  	
  
nega1ve,	
  by	
  SU(2):	
  
d-­‐quark	
  in	
  proton	
  
favors	
  nega*ve.	
  



Best	
  Measurements	
  on	
  Neutron	
  at	
  High	
  x	
  



Q:	
  can	
  quarks	
  tell	
  the	
  difference	
  between	
  lec	
  
and	
  right	
  ?	
  
	
  
A:	
  Yes.	
  Quarks’	
  transverse	
  spin	
  and	
  transverse	
  
mo*on	
  generate	
  lec-­‐right	
  biases.	
  
	
  
Q:	
  Would	
  sea	
  quarks	
  and	
  valence	
  quarks	
  
behave	
  in	
  the	
  same	
  way	
  ?	
  
Q:	
  Can	
  gluons	
  tell	
  lec	
  from	
  right	
  ?	
  
	
  
	
  



Can	
  hadrons	
  produced	
  in	
  a	
  hard	
  
scaDering	
  tell	
  lec-­‐right	
  ?	
  
N↑(e, h)X



Recall in  
FNAL-E704: √s =20 GeV. 
  PLB 264 (1991) 462. 

! 

pp" #$X

1 2 3 4 5

N
A

-0.05

0

0.05

+π -π +K -K p

Vertical Target  = 0.64 GeV/cTP

1 2 3 4 5

N
A

-0.05

0

0.05

+π -π +K -K p

Transverse Target  = 0.64 GeV/cTP

3He Target SSA: Inclusive Hadron Production Channels 

  

! 

! 
k 1

  

! 

! 
k 2

  

! 

! 
S T

  

! 

(
! 
k 1 "
! 
k 2)•

! 
S T = 0

  

! 

! 
k 1

  

! 

! 
k 2

  

! 

! 
S T

  

! 

(
! 
k 1 "
! 
k 2)•

! 
S T # 0

E0=5.9	
  GeV	
  
N↑(e, h)X

	
  π+	
  	
  	
  π-­‐	
  	
  	
  	
  	
  K+	
  	
  	
  	
  K-­‐	
  	
  	
  	
  p	
  

	
  π+	
  	
  	
  π-­‐	
  	
  	
  	
  	
  K+	
  	
  	
  	
  K-­‐	
  	
  	
  	
  p	
   Hadrons	
  produced	
  from	
  hard	
  
scaDering	
  have	
  lec-­‐right	
  bias.	
  



ANL	
  –	
  4.9	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BNL	
  –	
  6.6	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  FNAL	
  –	
  20	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BNL	
  –	
  62.4	
  GeV	
  

Single-­‐Spin	
  Asymmetry	
  in	
  	
  	
  
…	
  and	
  recall	
  that	
  

N↑(e, h)X :	
  would	
  such	
  SSA	
  persist	
  at	
  a	
  higher	
  energy,	
  such	
  as	
  at	
  EIC	
  ?	
  



Can	
  electrons	
  tell	
  lec-­‐right	
  in	
  
elas*c	
  scaDering	
  on	
  a	
  nucleon	
  ?	
  

N↑(e, e�)N

Not	
  allowed,	
  if	
  only	
  one-­‐photon	
  exchange,	
  no	
  imaginary	
  piece	
  in	
  the	
  sca]ering	
  amplitude.	
  	
  

Yes,	
  from	
  interference	
  of	
  one-­‐	
  and	
  two-­‐photon	
  exchange	
  amplitudes.	
  	
  



Target	
  Single-­‐Spin	
  Asymmetry	
  in	
  inclusive	
  
3Heé(e,e’)	
  scaDering	
  (Quasi-­‐Elas*c)	
  
	
  

  

! 

(! e " ! e ,)•
! 
S T < 0

Ay	
  arises	
  from	
  interference	
  of	
  one-­‐	
  and	
  two-­‐photon	
  exchange,	
  	
  provides	
  access	
  to	
  
weighted	
  moments	
  of	
  GPD	
  E	
  and	
  H.	
  

  

! 

(! e " ! e ,)•
! 
S T > 0

Two	
  independent	
  measurements.	
  
Real	
  physics	
  asymmetry	
  should	
  flip	
  sign.	
  

Lec	
  Arm	
   Right	
  Arm	
  



40	
  

Q2	
  =	
  0.46	
  and	
  0.98	
  GeV2	
  	
  W≈MN	
  

E05-015 Preliminary 

3He!(e,e ')

Physics	
  SSA	
  flip	
  
signs	
  between	
  
two	
  independent	
  
measurements.	
  



A	
  non-­‐vanishing	
  inclusive	
  Ay	
  has	
  never	
  been	
  observed	
  
The	
  last	
  effort	
  was	
  made	
  at	
  
Stanford	
  in	
  1969,	
  black	
  dots.	
  Set	
  
an	
  upper	
  limit:	
  Ay<2%	
  for	
  proton.	
  	
  

Owen	
  Chamberlain	
  (1920-­‐2006)	
  
Nobel	
  physics	
  1959.	
  



AN	
  in	
  GPD	
  framework—handbag	
  mechanism	
  
•  Two-­‐photon	
  exchange	
  occurs	
  at	
  the	
  parton	
  

level	
  in	
  eq	
  à	
  eq	
  box	
  diagram	
  
•  Parton	
  process	
  embedded	
  in	
  the	
  nucleon	
  via	
  

GPDs:	
  

Afanasev	
  et	
  al	
  PRD72,	
  013008	
  (2005).	
  

SSA	
  as	
  a	
  probe	
  to	
  access	
  the	
  (weighted)	
  moments	
  of	
  GPDs.	
  
at	
  a	
  high	
  Q2	
  …	
  



Can	
  electrons	
  tell	
  lec-­‐right	
  in	
  deep	
  
inelas*c	
  scaDering	
  on	
  a	
  “quark”	
  ?	
  
N↑(e, e�)X

Requires	
  two-­‐photon	
  exchange	
  on	
  a	
  “quark”	
  	
  ?	
  
(a	
  helicity	
  flip	
  on	
  a	
  “quark”	
  ?)	
  
	
  	
  



Inclusive	
  SSA	
  at	
  DIS	
  Kinema1cs	
  3
He

↑(e, e�)X

E07-013 Preliminary 

A	
  slight	
  “hint”	
  of	
  non-­‐vanishing	
  SSA,	
  not	
  conclusive.	
  	
  



New	
  SIDIS	
  Experiments	
  with	
  JLab-­‐12	
  GeV	
  in	
  Hall	
  A	
  

•  Polarized	
  neutron	
  (3He)	
  transverse	
  
–  Two	
  magne1c	
  spectrometer:	
  Bigbite+Super_BigBite.	
  
–  Large	
  acceptance	
  spectrometer	
  (SoLID).	
  	
  

•  Polarized	
  neutron	
  (3He)	
  longitudinal	
  with	
  SoLID.	
  
•  Polarized	
  proton	
  (NH3)	
  with	
  SoLID.	
  



Our	
  goal	
  is	
  to	
  pin	
  down	
  SSA	
  in	
  a	
  mul1-­‐
dimensional	
  space	
  of	
  	
  (x,	
  Q2,	
  z,	
  pT)	
  
with	
  a	
  large	
  acceptance	
  spectrometer	
  
which	
  can	
  take	
  a	
  high	
  luminosity,	
  for	
  
polarized	
  neutron	
  (3He)	
  and	
  proton	
  
(NH3)	
  targets.	
  



SoLID	
  in	
  Hall	
  A	
  :	
  conceptual	
  design	
  	
  





(E12-­‐10-­‐006	
  approved	
  with	
  A	
  ra1ng)	
  



	
  
•  Semi-­‐inclusive	
  deep-­‐inelas*c	
  scaDering	
  channels.	
  

•  Target	
  single-­‐spin	
  asymmetry	
  AUT	
  	
  	
  •  small	
  Collins	
  SSA,	
  Nega*ve	
  π+	
  Sivers	
  SSA	
  on	
  neutron	
  .	
  
•  Inclusive	
  channels	
  	
  

•  	
  “large”	
  SSA	
  observed	
  in	
  inclusive	
  hadron	
  produc*on	
  channels.	
  
•  	
  “large”	
  SSA	
  observed	
  in	
  inclusive	
  3He(e,e’)	
  quasi-­‐elas*c	
  scaDering.	
  	
  
•  	
  a	
  “hint”	
  of	
  SSA	
  in	
  inclusive	
  3He(e,e’)	
  deep	
  inelas*c-­‐elas*c	
  scaDering.	
  	
  	
  
	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Many	
  new	
  SIDIS	
  experiments	
  planned	
  in	
  Hall-­‐A	
  for	
  JLab-­‐12	
  GeV	
  upgrade.	
  	
  

	
  	
  Summary	
  

Yes,	
  hadrons	
  produced	
  in	
  a	
  hard	
  scaDering	
  can	
  tell	
  lec-­‐right.	
  

On	
  a	
  transversely	
  polarized	
  nucleon,	
  through	
  parity	
  conserving	
  interac1ons,	
  	
  

Yes,	
  electrons	
  can	
  tell	
  lec-­‐right	
  in	
  elas*c	
  scaDering	
  on	
  a	
  nucleon.	
  	
  

Electrons	
  might	
  be	
  able	
  to	
  tell	
  lec-­‐right	
  in	
  deep	
  inelas*c	
  scaDering	
  on	
  a	
  “quark”.	
  





Backup	
  Slides	
  	
  



Details	
  of	
  Kinema1cs	
  

(Q2=0.13	
  point	
  was	
  not	
  plo]ed.)	
  



Semi-­‐Inclusive	
  Deep-­‐Inelas*c	
  ScaDering	
  
	
  to	
  access	
  quark	
  informa*on	
  

N(l, l ' h)

Hall-­‐C	
  E00-­‐008	
  
E=5.479	
  GeV.	
  

Parton	
  model	
  interpreta1on.	
  


