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3He!(e, h)X
h = ! +/", K +/"

Quarks	
  inside	
  a	
  transversely	
  polarized	
  nucleon	
  have	
  a	
  clear	
  leF-­‐right	
  bias:	
  	
  
•  Inclusive	
  hadron	
  in	
  pé+pèh+X	
  
•  Semi-­‐Inclusive	
  DIS	
  e+Né	
  èe’+h+X	
  
•  Inclusive	
  hadron	
  in	
  e+Né	
  èh+X	
  

Many	
  surprises	
  in	
  SSA.	
  
Is	
  there	
  a	
  common	
  link	
  ?	
  

K.	
  Allada	
  et	
  al,	
  Phys.	
  Rev.	
  C	
  89,	
  042201(R),	
  2014	
  



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

One	
  explana0on	
  (Sivers	
  effect):	
  	
  
quark’s	
  transverse	
  mo0on	
  generates	
  
a	
  leF-­‐right	
  bias.	
  

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

! 

p" + p#$ + X

! 

   AN =
"# $"%

"# +"%

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

Quarks	
  can	
  tell	
  leE-­‐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.
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 E704	
  	
  √s	
  =20	
  GeV.	
  
	
  PLB	
  264	
  (1991)	
  462.	
  

Viewed	
  along	
  the	
  momentum	
  direc:on	
  of	
  pé:	
  
π+	
  favors	
  the	
  leE	
  side	
  of	
  the	
  polarized	
  proton.	
  
π-­‐	
  favors	
  the	
  right	
  side	
  of	
  the	
  polarized	
  proton.	
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p" + p#$ + X



Inclusive	
  Hadron	
  Single	
  Spin	
  Asymmetries	
  in	
  pé+p	
  

xF =
2pL
s

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

Large,	
  forward	
  AN	
  in	
  hadron	
  produc0on	
  in	
  p+p	
  have	
  been	
  measured	
  since	
  the	
  mid	
  70’s	
  

A	
  simple	
  (collinear)	
  pQCD	
  calcula0on	
  tells	
  us	
  that	
  an	
  AN	
  can	
  exist,	
  but	
  that	
  it	
  should	
  scale	
  like	
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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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π0	
  favors	
  the	
  leE	
  side	
  of	
  proton	
  spin	
  vector	
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At	
  200	
  GeV	
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Viewing	
  along	
  the	
  momentum	
  direc:on	
  of	
  pé	
  
π+	
  favors	
  the	
  leE	
  side	
  of	
  proton’s	
  spin	
  vector.	
  
π-­‐	
  favors	
  the	
  right	
  side	
  of	
  proton’s	
  spin	
  vector.	
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Transverse SSA in SIDIS: AUT Sivers Moments 

 

 Non-vanishing asymmetries for π+ 

Anselmino et al.  arXiv:1204.1239  
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Viewing	
  along	
  the	
  momentum	
  
direc:on	
  of	
  pé:	
  π+	
  favors	
  the	
  leE	
  side	
  
of	
  proton’s	
  spin	
  vector.	
  

where	
  the	
  electron	
  plane	
  
is	
  doesn’t	
  maeer.	
  



(Parity	
  Conserving)	
  Single-­‐Spin	
  Asymmetry	
  

	
  
•  involves	
  a	
  helicity	
  flip.	
  
•  needs	
  two	
  more	
  vectors	
  in	
  addi0on	
  to	
  the	
  spin	
  
vector.	
  Naïve	
  T-­‐Odd.	
  	
  

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

	
  

is	
  a	
  leE-­‐right	
  asymmetry	
  which	
  always:	
  	
  	
  

AN ! (
!
k1 "
!
k2 )•
!
S
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3He!(e, h)X
h = ! +/", K +/"

Polarized	
  3He	
  as	
  an	
  effec0ve	
  
polarized	
  neutron	
  target.	
  

~90%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~1.5%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~8.4%	
  	
  	
  	
  

Is	
  there	
  a	
  leE-­‐right	
  bias	
  in	
  e+Néèh+X	
  ?	
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Jefferson Lab 
D 

  A        B     C 

•  Run period: Oct. 2008 – Feb. 2009 

•  Beam energy : 6 GeV 

•  40 cm long polarized 3He target  

•  Average target polarization ~ 55%  



Beam	
  Polarimetry	
  
(Møller	
  +	
  Compton)	
  

Luminosity	
  
Monitor	
  

3He!(e, h)X
h = ! +/", K +/"
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K	
  

E0=6	
  GeV	
  

ph=2.35	
  GeV/c	
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Hadron	
  Iden:fica:on	
  in	
  HRS	
  	
  

 PID detectors:  
–  Gas Cerenkov: electron  

–  Aerogel counter  (n=1.015): pion  

–  RICH detector (n=1.30): proton/Kaon/pion 

–  Lead-glass calorimeter: electron/hadron  
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Inclusive	
  Hadron	
  SSA:	
  Target	
  Spin	
  Transverse	
  In-­‐Plane	
  

•  Target spin flip every 20 minutes 
•  Acceptance effects cancels  
•  Overall systematic check with AN at ϕS= 0  

–   False asymmetry < 0.1% 
 

AUT
sin(φS) (φS= 0)

AUT
sin(φS)= N↑− N↓

N↑+ N↓ π+ π-	



Check False Asymmetries 

(
!
k1 !
!
k2 )•
!
S = 0

AN ! (
!
k1 "
!
k2 )•
!
S

Parity	
  conserving	
  SSA:	
  



	
  

	
  	
  Inclusive	
  Hadron	
  SSA:	
  Target	
  Spin	
  Ver:cal	
  

( )( )0sin 90=A S
S

UT ϕ
ϕ

Target	
  spin	
  vertical 
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viewed	
  along	
  né	
  momentum	
  	
  direc0on	
  	
  
π+	
  	
  favors	
  the	
  right	
  side	
  of	
  spin	
  vector,	
  	
  
π−	
  	
  favors	
  the	
  leF	
  side	
  of	
  spin	
  vector.	
  

in	
  e+né	
  center-­‐of-­‐mass	
  frame,	
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A3He  = Pn * (1 - fp) * An + PpfpAp 

Translated	
  into	
  “effec0ve	
  neutron”	
  SSA	
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we	
  no0ce	
  that	
  for	
  neutron:	
  	
  
	
  1st-­‐term/2nd-­‐term=	
  2.43	
  

and	
  we	
  happened	
  to	
  observe	
  SSA:	
  
	
  
(SSA	
  π+)/(SSA	
  π-­‐)	
  =2.5	
  ~	
  3.0	
  

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

Consider	
  the	
  valence	
  quarks’	
  
contribu0on	
  to	
  nucleon’s	
  anomalous	
  
magne0c	
  moments:	
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accidental	
  	
  coincidence	
  ?	
  	
  



	
  

	
  	
  	
  	
  LeE-­‐Right	
  Bias	
  in	
  e+péèh+X	
  
 HERMES: proton PL	
  B728	
  (2014)	
  183	
  

viewed	
  along	
  the	
  momentum	
  direc0on	
  of	
  pé	
  

π+	
  	
  favors	
  the	
  leF	
  side	
  of	
  proton’s	
  spin	
  vector,	
  	
  
π−	
  	
  favors	
  the	
  right	
  side	
  of	
  proton’s	
  spin	
  vector.	
  

In	
  e+pé	
  center-­‐of-­‐mass	
  frame,	
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We’ve	
  observed	
  leE-­‐right	
  bias:	
  	
  

QCD	
  Evolu0on	
  Workshop	
  

	
  Significant	
  single	
  spin	
  asymmetries	
  in	
  :	
  
•  	
  Inclusive	
  hadron	
  produc0on:	
  	
  pé+p-­‐>	
  h	
  +	
  X	
  
•  	
  Semi-­‐inclusive	
  deep	
  inelas0c	
  scaeering:	
  e+pé-­‐>e’+h+X	
  	
  
•  	
  Inclusive	
  hadron	
  produc0on,	
  JLab	
  on	
  neutron:	
  	
  e+né-­‐>h+X	
  	
  
	
  	
  	
  	
  	
  HERMES	
  on	
  proton:	
  e+pé-­‐>h+X	
  	
  

20	
  

viewed	
  along	
  the	
  momentum	
  direc0on	
  of	
  pé	
  

π+	
  	
  favors	
  the	
  leF	
  side	
  of	
  proton’s	
  spin	
  vector,	
  	
  
π−	
  	
  favors	
  the	
  right	
  side	
  of	
  proton’s	
  spin	
  vector.	
  

pé	
  

viewed	
  along	
  né	
  momentum	
  	
  direc0on	
  	
  
π+	
  	
  favors	
  the	
  right	
  side	
  of	
  neutron’s	
  spin	
  vector,	
  	
  
π−	
  	
  favors	
  the	
  leF	
  side	
  of	
  neutron’s	
  spin	
  vector.	
  

né	
  

Obviously,	
  there’s	
  a	
  common	
  connec0on	
  among	
  	
  these	
  SSA	
  phenomena.	
  

What	
  exactly	
  is	
  the	
  connec:on	
  ?	
  



So	
  far,	
  we’ve	
  observed	
  leE-­‐right	
  bias:	
  	
  

QCD	
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  Significant	
  single	
  spin	
  asymmetries	
  in	
  :	
  
•  	
  Inclusive	
  hadron	
  produc0on:	
  	
  pé+p-­‐>	
  h	
  +	
  X	
  
•  	
  Semi-­‐inclusive	
  deep	
  inelas0c	
  scaeering:	
  e+pé-­‐>e’+h+X	
  	
  
•  	
  Inclusive	
  hadron	
  produc0on,	
  JLab	
  on	
  neutron:	
  	
  e+né-­‐>h+X	
  	
  
	
  	
  	
  	
  	
  HERMES	
  on	
  proton:	
  e+pé-­‐>h+X	
  	
  
	
  
What	
  happens	
  in	
  a	
  high	
  energy	
  	
  
real-­‐photon	
  reac0on:	
  

	
  	
  	
  	
  	
  	
  γ+pé-­‐>h+X	
  	
  ?	
  
	
  

21	
  
In	
  addi0on,	
  	
  we	
  also	
  have:	
  pé+p-­‐>	
  jet	
  +	
  X	
  

Can	
  be	
  measured	
  very	
  well	
  at	
  JLab	
  Hall-­‐D	
  

Does	
  it	
  maeer	
  which	
  type	
  of	
  par0cle	
  hits	
  the	
  polarized	
  nucleon	
  ?	
  
π±,	
  K±,	
  ρ,	
  ω,	
  ϕ,	
  	
  J/Ψ	
  ?	
  	
  Or	
  	
  ν,	
  	
  ν	
  ?	
  

-­‐	
  



	
  
Jet	
  AN:	
  	
  LeE-­‐Right	
  Bias	
  in	
  pé+p-­‐>	
  jet+X	
  	
  

AnDY	
  	
   •  Jet	
  AN	
  is	
  sensi0ve	
  to	
  Sivers-­‐type	
  effect	
  
only.	
  Collins-­‐type	
  effect,	
  from	
  polarized	
  
quark	
  fragmenta0on,	
  vanishes	
  when	
  
integra0ng	
  over	
  	
  jet.	
  

•  Both	
  up	
  and	
  down	
  quarks	
  contribute,	
  with	
  	
  
up	
  quarks	
  dominate	
  jet	
  produc0on	
  in	
  pé+p	
  	
  

η=3.25	
  
arXiv:1304.1454	
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viewed	
  along	
  the	
  momentum	
  direc0on	
  of	
  pé	
  	
  
jets	
  favors	
  the	
  leF	
  side	
  of	
  the	
  proton’s	
  spin	
  
vector.	
  	
  

In	
  pé+p	
  center-­‐of-­‐mass	
  frame,	
  	
  

QCD	
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In	
  addi0on,	
  	
  we	
  also	
  have	
  



Valence	
  quarks	
  inside	
  a	
  transversely	
  polarized	
  
proton	
  have	
  a	
  clear	
  leE-­‐right	
  bias.	
  	
  

QCD	
  Evolu0on	
  Workshop	
  

! + (ud ) 
! ! (du)

leF	
  

right	
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viewed	
  along	
  pé	
  momentum	
  direc0on:	
  
π+	
  	
  favors	
  the	
  leF	
  side	
  of	
  proton’s	
  spin	
  vector,	
  	
  
π−	
  	
  favors	
  the	
  right	
  side	
  of	
  proton’s	
  spin	
  vector.	
  

pé	
  

viewed	
  along	
  né	
  momentum	
  direc0on:	
  	
  
π+	
  	
  favors	
  the	
  right	
  side	
  of	
  neutron’s	
  spin	
  vector,	
  	
  
π−	
  	
  favors	
  the	
  leF	
  side	
  of	
  neutron’s	
  spin	
  vector.	
  

né	
  

Summary	
  

Is	
  there	
  a	
  common	
  link	
  among	
  these	
  SSA	
  phenomena	
  ?	
  
LeF-­‐right	
  bias	
  from	
  sea	
  quarks	
  ?	
  
LeF-­‐right	
  bias	
  from	
  strange	
  quarks	
  ?	
  	
  



Feynman xF = x1 - x2

p-
K-

BRAHMS Preliminary (arXiv:0908.4551)

p p  h X

A N
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Evidence of Sea Quark’s Left-Right Bias ? 

Sea	
  quark	
  generates	
  leF-­‐right	
  bias	
  ?	
  
	
  
Secondary	
  string-­‐breaking	
  ?	
  
	
  
LeF-­‐right	
  bias	
  generated	
  through	
  
fragmenta0on	
  process	
  ?	
  

p̄(ūūd̄)
K−(ūs)

√
s = 200 GeV
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p+p-­‐>Λé+X	
  
ISR1987	
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