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Outline	  

•  Physics	  mo:va:on	  
•  Unpolarized	  and	  polarized	  target	  data.	  

– Single	  Spin	  asymmetries	  

– Double	  Spin	  asymmetries	  

•  TMD	  extrac:on	  	  

•  Summary	  
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z 
U	  unpolarized	  
L	  long.polarized	  
T	  trans.polarized	  

Transverse	  spin	  effects	  are	  observable	  as	  correla:ons	  of	  
transverse	  spin	  and	  transverse	  momentum	  of	  quarks.	  
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SIDIS	  cross	  sec:on	  

18 structure 
functions !!	  

Bacchetta et al., JHEP 0702:093,2007 

Long. Pol. target	  

Trans.	  Pol.	  Target	  

Experiment in preparation (CLAS) 
Transversely	  polarized	  	  
3He	  (E06-‐010/011)	  and	  	  
proton/	  deuterium	  	  
targets	  	  (E08-‐015) Hall A	  

	  

Unpol. target 	  
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Nucleon	  TMDs	  

+	  Higher	  twist	  distribu:on	  func:ons	  

leading twist TMDs 
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	  Jefferson	  Lab	  Experimental	  Halls	  

          HallA: two HRS’                    Hall B:CLAS              Hall C: HMS+SOS 	


 6 GeV polarized	

  electron beam	

 Pol=85%, 180µA	


 Will be upgraded to 
12 GeV by ~2014	




Hall	  A	  
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	  JLab	  Polarized	  3He	  Target	  

 longitudinal,	  	  
	  	  	  transverse	  

 Luminosity=1036	  (1/s)	  
	  	  	  (highest	  in	  the	  world)	  

 High	  in-‐beam	  
polariza:on	  
	  	  	  ~	  60%	  

 Effec:ve	  polarized	  	  
	  	  	  	  neutron	  target	  
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E06‑010	  Experiment	  	  
•  First	  measurement	  on	  n	  (3He)	  
•  Polarized	  3He	  Target	  
•  Polarized	  Electron	  Beam,	  5.9	  
GeV	  	  
–  ~80% Polariza:on	  
–  Fast	  Flipping	  at	  30Hz 

•  BigBite	  at	  30º	  as	  Electron	  Arm	  
–  Pe	  =	  0.7	  ~	  2.2	  GeV/c	  	  

•  HRSL	  at	  16º	  as	  Hadron	  Arm	  
–  Ph	  =	  2.35	  GeV/c	  	  
–  	  Excellent	  PID	  for	  π/K/p	  

•  7	  	  PhD	  Thesis	  Students	  (5	  graduated)	  
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Beam	  Polarimetry	  
(Møller	  +	  Compton)	  

Luminosity	  
Monitor	  

Slides	  from	  Jian-‐Ping	  Chen	  



3He	  Target	  Single-‐Spin	  Asymmetry	  in	  SIDIS	  

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

3He	  Sivers	  SSA:	  
negative	  for	  π+,	  	  	  	  	  

3He	  Collins	  SSA	  small	  	  
Non-‐zero	  at	  highest	  x	  for	  π+	  

Blue	  band:	  model	  (fitting)	  uncertainties	  	  
Red	  band:	  other	  systematic	  uncertainties	  

arXiv:	  1106.0363,	  submijed	  to	  PRL	  



Results on Neutron 

Collins	  
asymmetries	  are	  not	  
large,	  except	  at	  
x=0.34	  

Sivers	  

! + (ud )  	  negative	  	  

Blue	  band:	  model	  (fitting)	  uncertainties	  	  
Red	  band:	  other	  systematic	  uncertainties	  



Asymmetry	  ALT	  Result	  

•  3He	  ALT	  	  

	  	  PosiMve	  for	  π-‐	  

To leading twist: 

Preliminary	  



•  	  	  
–  Corrected for proton dilution, fp 

–  Predicted proton asymmetry contribution < 1.5% (π+), 0.6% (π-) 
•                         

–  Dominated by L=0 (S) and L=1 (P) interference 

•  Consist w/ model in signs, suggest larger asymmetry 

Neutron	  ALT	  ExtracMon	  

Preliminary 
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Hall	  B	  



π-	


e	  

π+	


ep→e’πX	  

 PolarizaMons:	  
 Beam:	  ~80%	  
 NH3	  proton	  80%,	  	  ND3	  ~30%	  
 HD	  (H-‐75%,D-‐25%)	  

1)  Polarized	  NH3/ND3	  (no	  IC,	  ~5	  days	  E05-‐113)	  
2)  Unpolarized	  H	  (with	  IC	  ~	  60	  days)	  
3)  Polarized	  NH3/ND3	  with	  IC	  60	  days	  

10%	  of	  data	  on	  carbon	  	  	  
4)  Polarized	  HD-‐Ice	  (no	  IC,	  25	  days)	  

Inner	  Calorimeter	  

Unpolarized,	  longitudinally	  and	  
transversely	  polarized	  targets	  

Unpolarized	  and	  longitudinally	  
polarized	  targets	  

CLAS	  configura:ons	  
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Dilu:on	  factor	  for	  NH3/	  ND3	  

CLAS z (cm)	


58.25	
56.75	


Al Banjo Windows (gray) L ~ 2.18 cm	

Helium filled (gray shading)	


CLAS z (cm)	


CLAS z (cm)	


57.50	
 58.59	
56.41	


Kapton Target Window	


Al Banjo Window	


A	  and	  B	  hold	  density	  informa:on	  
	  for	  all	  materials	  in	  the	  carbon	  	  
and	  ammonia	  targets	  

P.E. Bosted and M.E. Christy Phys Rev. C 77, 065206 (2008)�
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DF	  from	  E05-‐113	  (NH3)	  

M.	  Aghasyan	  and	  H.	  Avakian	   17	  

π+	  

π-‐	  

π0	  

z	   xB	  

DF	  

0	  

0.3	  

1	  



Longitudinally	  polarized	  NH3	  target	  	  
E05-‐113	  

Avakian	  PRL105	  (2010)	  
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1 The	  sin2ϕ	   moment	  of	  the	  π+	  at	  large	  xB	  	  

is	  dominated	  by	  u-‐quarks,	  therefore	  with	  
addi:onal	  input	  from	  other	  experiments	  
can	  provide	  a	  first	  glimpse	  of	  twist	  2	  	  
	  	  	  	  	  	  	  	  	  	  	  func:on	  
CLAS	  data	  suggests	  that	  width	  of	  g1	  is	  	  
less	  than	  the	  width	  of	  f1	  

h⊥1L

18	  
CLAS	  and	  HERMES	  g1	  are	  consistent.	  



New	  data	  
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New	  data	  with	  IC	  for	  posi:ve	  pions	  significantly	  improves	  	  
sta:s:cal	  errors	  and	  allows	  more	  than	  one	  dimensional	  extrac:on	  of	  AUL	  an	  ALL.	  

19	  

New	  data	  for	  π0	  
S.	  Jawalkar	  

x	  

PT	  

0.4	  

0.1	  

0.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.4	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.6	  

Avakian	  PRL105	  (2010)	  



Extrac:on	  of	  kinema:c	  dependences	  of	  TMD	  	  

	  	  	  	  	  Aner	  acceptance	  correc:on	  (stars)	  
the	  bT-‐dependence	  of	  the	  	  	  	  	  	  	  	  	  	  	  	  	  	  ra:o	  has	  
been	  recovered	  in	  	  a	  wide	  range	  	  of	  bT	  

x=0.33	  
z=0.65	  

generated	  

The formalism in bT-space avoids convolutions →  
easier to perform a model independent analysis 

The transformation depends on the parameter |bT|   

Wide PT range required for the extraction of bT  
dependences for all relevant range of bT (up to 2 fm ) 

J0 = Bessel function TMDs Fourier transf. 

Boer,	  Gamberg,	  Musch	  &Prokudin	  arXiv:1107.5294	  

Sunp±
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π /N−π�
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i=1

J0(bTjPTi)/η/A(xi, yi)/
√

1− ε

acceptance	  



Beam	  Spin	  Asymmetry	  of	  π0	  
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leading twist TMDs 

Higher	  twist	  TMDs	  
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Beam	  Spin	  Asymmetry	  of	  π0	  

22	  
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Models	  and	  Data	  
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Hall	  C	  



Cross	  sec:ons	  for	  semi-‐inclusive	  
charged	  pions	  (p/D	  data)	  

25	  

The	  Pt2	  dependence	  of	  differen:al	  	  
cross-‐sec:ons	  per	  nucleus	  for	  charged	  
pions	  produc:on	  on	  hydrogen	  and	  	  
deuterium	  targets	  at	  <z>=0.55,	  <x>=0.32	  

arXiv:0709.3020v3	  

The	  Pt	  dependence	  from	  the	  deuteron	  	  
is	  found	  to	  be	  slightly	  weaker	  than	  from	  
	  the	  proton.	  	  
There	  is	  an	  indica:on	  that	  the	  ini:al	  
transverse	  momenta	  width	  of	  d	  quarks	  is	  
larger	  than	  for	  u	  quarks	  and	  the	  transverse	  
momentum	  width	  of	  the	  favored	  
fragmenta:on	  func:on	  is	  larger	  than	  the	  
unfavored	  one.	  

B.Musch	  et	  al	  arXiv:1011.1213	  	  



Summary	  

Variety	  of	  SIDIS	  measurements	  with	  polarized	  and	  un-‐polarized	  
targets	  performed	  at	  JLAB	  at	  6	  GeV	  polarized	  beam.	  

•  Pt	  dependence	  of	  double	  spin	  asymmetries.	  
•  Neutron	  transversity/TMD	  measurement	  
•  Kinema:c	  dependences	  of	  SSA	  with	  longitudinally	  polarized	  

target	  (ALU,	  AUL	  and	  ALL	  of	  π0/+/-‐	  in	  mul:dimensional	  bins	  is	  
coming).	  

•  	  Kinema:c	  dependences	  of	  SSA	  with	  longitudinally	  polarized	  
beam	  and	  un-‐polarized	  target.	  

26	  

The	  kT-‐dependent	  TMD	  flavor	  decomposi:on	  procedure,	  based	  	  
on	  the	  Bessel	  weigh:ng	  technique,	  has	  been	  tested	  using	  the	  new	  	  
dedicated	  SIDIS	  MC,	  allowing	  simula:on	  in	  8D	  (x,y,z,φ,φS,pT,,λ,h).	  



FAST-‐MC	  for	  CLAS12	  

27	  

PT	  =	  p┴	  +z	  kT	  	  

p┴	  SIDIS	  MC	  in	  8D	  (x,y,z,φ,φS,pT,λ,π)	  

CLAS12	  acceptance	  &	  
resolu:ons	  

Events	  in	  CLAS12	  

Reasonable	  agreement	  of	  kinema:c	  distribu:ons	  with	  realis:c	  LUND	  simula:on	  

Simple	  model	  with	  10%	  difference	  
between	  f1	  (0.2GeV2)	  and	  g1	  widths	  
with	  a	  fixed	  width	  for	  D1	  (0.14GeV2)	  

Lund-‐MC	  

H.	  Avakian,	  Transversity	  2011	  	  



Beam	  Spin	  asymmetry	  of	  π0	  
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E01-‐113	  experiment	  results	  on	  	  ALU	  extends	  the	  xB	  range	  
and	  improves	  uncertain:es.	  

28	  M.	  Aghasyan	  and	  H.	  Avakian	  



SIDIS	  kinema:c	  coverage	  with	  IC	  
	  Scajering	  of	  5.9	  GeV	  electrons	  off	  	  
unpolarized	  and	  	  polarized	  proton	  
and	  deuteron	  	  targets	  

 	  DIS	  kinemaMcs,	  
	  	  	  	  Q2>1	  GeV2,	  	  W2>4	  GeV2,	  	  Mx

2>2	  GeV2	  

eπX	  

CLAS	  provides	  a	  wide	  kinema:cal	  coverage	  	  

π+	  

π0	  
xB	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  z	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  W	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  M2

x	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  PT	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ϕ	  	  	  

2009	  data	  

Q2	  

Q2	  
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Exclusive	  π0π+	  on	  proton	  

π0	  

π0	  

π0	  

π0	  

π+	  

π+	  

π+	  

π+	  
30	  

M.	  Aghasyan	  and	  H.	  Avakian	  
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