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Elas-c	
  ScaEering	
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•  In	
  elas-c	
  scaEering	
  protons	
  interact	
  
via	
  two	
  fundamental	
  interac-ons:	
  
EM	
  (QED)	
  and	
  Hadronic	
  (non-­‐pQCD)	
  

•  May	
  interact	
  by	
  exchanging	
  a	
  
hypothe-cal	
  Pomeron	
  described	
  as	
  
a	
  color	
  singlet	
  combina-on	
  of	
  two	
  
gluons	
  (for	
  high	
  t)	
  

•  Has	
  quantum	
  numbers	
  of	
  the	
  
vacuum,	
  has	
  mass,	
  zero	
  spin,	
  
neither	
  electric	
  nor	
  color	
  charge	
  

	
  Mandelstam	
  variables:	
  

t = (p1 − p3)
2 = −4p2 sin2(θ/2)

s = (p1 + p2)
2 = (p2 +m2)



Coulomb interaction for |t | < 10–3 GeV2    

Measure total cross section σ tot and 
access imaginary part of scattering 
amplitude via optical theorem 

Hadronic interaction for                         
5•10–3 GeV2 ≤ |t | ≤ 1 GeV2  

Measure forward diffraction cone slope b 
Interference between Coulomb and                    
hadronic interaction (CNI-region) 

Measure ratio of real and imaginary part 
of forward scattering amplitude ρ 0  and 
extract its real part using measured 
σ tot 

pp2pp 

Elas-c	
  ScaEering	
  at	
  RHIC	
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Differential Elastic Cross Section	
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dσ 
dt 

= 
4 π  ( α GE 2  ) 2	



t2 

( 1 + ρ 2 ) σtot
2  e+bt 

16 π	



( ρ + ΔΦ ) α GE 
2  σtot

  e+½ bt 	



t 

+

+

ΔΦ = Coulomb Phase 
GE = Proton Electric Form Factor 

σtot = 52 mb 
ρ     = 0.13 
b    = 14 GeV-2	



Input : 

Interference Term 

Coulomb Term 

Combined Term 

Nuclear Term 

pp2pp 
2002 

For Proton-Proton Scattering 

1	
  
2	
  –	
  

Values	
  for	
  	
  	
  s	
  =	
  200	
  GeV	
  √	
  



The	
  helicity	
  amplitudes	
  describe	
  elas-c	
  proton-­‐proton	
  scaEering	
  

φ 1(s,t ) ∝ <++|M|++> 
φ 2(s,t ) ∝ <++|M|––> 
φ 3(s,t ) ∝ <+–|M|+–> 
φ 4(s,t ) ∝ <+–|M|–+> 
φ 5(s,t ) ∝ <++|M|+–>  (= φ flip	
  )	



σ tot  =             Im [φ +(s,t ) ]t=0 
8 π 
s 

Measure 

φ n(s,t ) ∝ <h3 h4 |M|h1 h2> 
                  with  hx = s-channel helicity 
                                  p 1 = -p2  incoming protons 
                              p3 = -p4  scattered protons 

 

φ +(s,t ) =       (φ 1(s,t ) + φ 3(s,t ) ) = φ no-­‐flip	
  	
  

d σ  
dt 
       =             ( |φ 1|2 + |φ 2|2 + |φ 3|2 + |φ 4|2 | + 4 |φ 5|2  ) 2 π 

s 2 

Δσ T  = –            Im [φ 2(s,t ) ]t=0  = σ 
↑↓

  - σ ↑↑ 8 π 
s 

pp	
  Elas-c	
  ScaEering	
  Amplitudes	
  

1	
  
2	
  

d 2σ  
dt dϕ 

2π              =            ( 1 + (PB + PY ) AN cosϕ  + PB PY ( ANN cos2ϕ  + ASS sin2ϕ ) ) d σ  
dt 
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With N(t ) = 
 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PY	
  =	
  beam	
  pol.	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ϕ	
  =	
  azimuth 
 

dN 

d
t 

AN(t ) = 
N↑↑ (t) + N↑↓(t) - N↓↓ (t) - N↓↑(t)  1 

  PY• cosϕ N↑↑ (t) + N↑↓(t) + N↓↓ (t) + N↓↑(t)  

∝ 
Im ( φ flip    φ no-flip + φ flip    φ noflip ) 

d σ  / dt 
for small t 

Single	
  spin	
  asymmetry	
  AN	
  of	
  transversely	
  polarized	
  protons	
  arises	
  in	
  CNI	
  region	
  
from	
  interference	
  of	
  hadronic	
  non-­‐flip	
  with	
  electromagne-c	
  spin-­‐flip	
  
amplitude	
  	
  

Measure	
  dependence	
  on	
  |	
  t	
  |	
  to	
  probe	
  for	
  interference	
  contribu-on	
  from	
  
hadronic	
  spin-­‐flip	
  amplitude	
  with	
  electromagne-c	
  amplitude	
  

Disentangle	
  Real	
  and	
  Imaginary	
  part	
  of	
  hadronic	
  spin	
  flip	
  contribu-on	
  
by	
  measuring	
  shic	
  or	
  slope	
  change	
  of	
  AN	
  with	
  possible	
  zero	
  crossing	
  

Single	
  Spin	
  Asymmetry	
  

em	
  *	
  	
  	
  	
  	
  	
  	
  had	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  had	
  *	
  	
  	
  	
  	
  	
  	
  	
  	
  em	
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N.H. Buttimore, B.Z. Kopeliovich,    E. Leader, 
J. Soffer, T.L. Trueman,  
“The Spin Dependence of High-Energy Proton 
Scattering”, PRD 59, 114010 (1999) 

Single	
  Spin	
  Asymmetry	
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E. Leader, T.L. Trueman,  
“The Odderon and Spin 
Dependence of High-Energy 
Proton-Proton Scattering”, 
PRD 61, 077504 (2000) 

ANN(t ) = 
N↑↑ (t) + N↓↓ (t) - N↑↓(t) - N↓↑(t)  1 

    PY• PB• cos2ϕ N↑↑ (t) + N↓↓ (t) + N↑↓(t) + N↓↑(t)  

Measure	
  ANN	
  with	
  transversely	
  polarized	
  protons	
  to	
  find	
  limit	
  on	
  detectable	
  
Odderon,	
  C	
  =	
  -­‐1	
  partner	
  of	
  the	
  Pomeron,	
  contribu-on	
  to	
  interference	
  
between	
  φ	
  1	
  and	
  φ	
  2	
  
Pomeron and Odderon out of phase by about 90o at  t  = 0 

φ 2 / φ + = 0.05 (1+i ) 

φ 2 / φ + = 0.05 

φ 2 / φ + = 0.05 i  

∝ 
Re ( φ no-flip φ 2

* ) 

d σ  / dt 

for small t 

Double	
  Spin	
  Asymmetry	
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The	
  RHIC	
  Accelerator	
  

Need	
  two	
  separate	
  beam	
  lines	
  with	
  individual	
  transport	
  
magnets	
  except	
  in	
  the	
  interac-on	
  regions	
  

To	
  collide	
  iden-cal	
  par-cles,	
  like	
  polarized	
  protons,	
  need	
  

•  Polarized	
  proton	
  source	
  

•  	
  Magnets	
  to	
  maintain	
  polariza-on	
  as	
  much	
  as	
  possible	
  
(ver-cally)	
  

•  	
  Polariza-on	
  measurement	
  (to	
  about	
  5%)	
  

•  	
  Magnets	
  to	
  change	
  polariza-on	
  from	
  transverse	
  to	
  
longitudinal	
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Birds Eye View of RHIC	
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The	
  RHIC	
  Accelerator	
  
55	
  proton	
  bunches	
  per	
  beam	
  (design	
  120)	
  

1011	
  protons	
  per	
  bunch	
  (design	
  2·∙1011)	
  

Beam	
  momentum	
  100	
  GeV/c	
  (design	
  up	
  to	
  250	
  GeV/c)	
  

Fill	
  life	
  -me	
  about	
  one	
  shic	
  of	
  eight	
  hours	
  

Polariza-on	
  about	
  0.6	
  (design	
  0.7)	
  	
  

Polariza-on	
  loss	
  
mostly	
  in	
  the	
  AGS	
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Polarized	
  Elas-c	
  pp-­‐ScaEering	
  

•  Elas-cally	
  scaEered	
  protons	
  
have	
  very	
  small	
  scaEering	
  angle	
  
Θ*,	
  hence	
  beam	
  transport	
  
magnets	
  determine	
  trajectory	
  of	
  
scaEered	
  protons	
  

•  The	
  op-mal	
  posi-on	
  for	
  the	
  
detectors	
  is	
  	
  where	
  scaEered	
  
protons	
  are	
  well	
  separated	
  from	
  
beam	
  protons	
  

•  Need	
  Roman	
  Pot	
  to	
  measure	
  
scaEered	
  protons	
  close	
  to	
  the	
  
beam	
  without	
  breaking	
  
accelerator	
  vacuum	
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RHIC Experimental Setup	
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to IR 

Roman Pot 
above beam 

Roman Pot 
below beam 



Principle of Measurement	
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Elas-cally	
  forward	
  scaEered	
  protons	
  have	
  very	
  small	
  scaEering	
  angle	
  θ	
  

Beam	
  transport	
  magnets	
  determine	
  trajectory	
  of	
  beam	
  and	
  scaEered	
  
protons	
  
ScaEered	
  protons	
  need	
  to	
  be	
  well	
  separated	
  from	
  the	
  beam	
  protons	
  
Need	
  Roman	
  Pot	
  to	
  measure	
  scaEered	
  protons	
  close	
  to	
  beam 

Beam transport equations    relate measured position at detector to scattering angle   
  
	
  	
  	
  	
  	
  	
  x	
  	
  =	
  	
  a11	
  x0	
  	
  +	
  	
  Leff	
  θ	
  x	
  	
  	
  	
  	
  	
  →	
  	
  	
  Op-mize	
  so	
  that	
  	
  a11	
  	
  small	
  and	
  	
  Leff	
  	
  large	
  
 
	
  	
  	
  	
  	
  θ	
  x	
  =	
  	
  a12	
  x0	
  	
  +	
  	
  a22	
  θ	
  x	
  	
  	
  	
  	
  	
  →	
  	
  	
  x0	
  can	
  be	
  calculated	
  by	
  measuring	
  θ	
  x	
  (2nd	
  RP)	
  * 

* 

* 

x	
  	
  	
  :	
  	
  Posi-on	
  at	
  Detector	
  

θ	
  x	
  	
  :	
  	
  Angle	
  at	
  Detector	
  
x0	
  	
  	
  :	
  	
  Posi-on	
  at	
  Interac-on	
  Point	
  

θ	
  x	
  	
  	
  :	
  	
  ScaEering	
  Angle	
  at	
  IP	
  * 

Similar	
  equa-ons	
  for	
  y-­‐coordinate	
  

Neglect	
  terms	
  mixing	
  x-­‐	
  and	
  y-­‐coordinate	
  in	
  
above	
  equa-ons	
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S. Tepikian RP Position 



Hit	
  distribu-on	
  of	
  scaEered	
  
protons	
  within	
  3σ	
  -­‐	
  correla-on	
  
cut	
  reconstructed	
  using	
  the	
  
nominal	
  beam	
  transport	
  

Elas-c	
  Hit	
  PaEern	
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Comparison of Slope  Values	
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B = 14.0 ± 0.3 (stat.)  
              ± 1.1 (sys.) GeV-2 6

8

10

12

14

16

18

20

1 10 10 2 10 3

This exp.
pp
pp

b  [ (GeV/c)–2 ]

s  [ GeV ]

|t| < 0.1 (GeV/c) 2

“pp2pp” 2004 

B



Analyzing	
  Power	
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Hadron-­‐Hadron	
  Collisions	
  and	
  the	
  
Drell-­‐Yan	
  Process	
  

•  Annihila-on	
  of	
  a	
  quark	
  and	
  an--­‐quark	
  in	
  hadron-­‐
hadron	
  collisions	
  

•  Timelike	
  virtual	
  photon	
  crea-ng	
  lepton	
  pair	
  	
  
•  Related	
  to	
  deep-­‐inelas-c	
  scaEering	
  of	
  a	
  lepton	
  off	
  a	
  

hadron	
  with	
  spacelike	
  virtual	
  photon	
  exchange	
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Nucleon	
  Spin	
  Structure	
  
•  Structure	
  of	
  the	
  

nucleon	
  can	
  be	
  
described	
  in	
  
leading	
  twist	
  by	
  
three	
  Parton	
  
Distribu-on	
  
Func-ons	
  (PDFs)	
  

•  Depending	
  on	
  
momentum	
  
frac-on	
  (x)	
  	
  
carried	
  by	
  the	
  
struck	
  quark	
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NUCLEON,	
  

Q
ua
rk
,	
  

Un	
  Pol.	
   Longitudinal	
  Pol.	
   Transverse	
  Pol.	
  

U
n	
  
Po

l.	
  
Tr
an
s.
	
  P
ol
.	
  

Lo
ng
.	
  	
  
Po

l.	
  

−	
  

−	
  

Unpolarized f1 (x)  

Helicity g1(x)  

Transversity h1(x)  

NUCLEON	
  Spin	
  

Q
ua
rk
	
  S
pi
n	
  



Nucleon	
  Spin	
  Structure	
  
•  For	
  a	
  complete	
  descrip-on	
  five	
  addi-onal	
  Transverse	
  

Momentum	
  Dependent	
  Parton	
  Distribu-on	
  Func-ons	
  (TMDs)	
  
are	
  needed	
  	
  

•  These	
  account	
  for	
  the	
  intrinsic	
  transverse	
  momentum	
  (kT)	
  of	
  
the	
  quarks	
  

•  Correla-ons	
  between	
  spin	
  and	
  transverse	
  momentum	
  of	
  
quarks	
  and	
  nucleons	
  might	
  not	
  be	
  negligible	
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Nucleon	
  Spin	
  Structure	
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NUCLEON,	
  
Q
ua
rk
,	
  

Un	
  Pol.	
   Longitudinal	
  Pol.	
   Transverse	
  Pol.	
  
U
n	
  
Po

l.	
  
Tr
an
s.
	
  P
ol
.	
  

Lo
ng
.	
  	
  
Po

l.	
  

−	
  

−	
  

Unpolarized f1 (x)  

Helicity g1(x)  

Transversity h1(x)  

NUCLEON	
  Spin	
  
Q
ua
rk
	
  S
pi
n	
   − kT	
  kT	
  

−	
  
kT	
   kT	
  

−	
  
kT	
  kT	
  

−	
   kT	
  kT	
  
−	
   kT	
  kT	
  

h1(x) 

Sivers 

Boer-Mulders 



TMDs	
  
•  TMDs	
  can	
  be	
  accessed	
  through	
  the	
  measurement	
  of	
  

Transverse	
  Single	
  Spin	
  Asymmetries	
  (TSSAs)	
  in	
  Semi-­‐Inclusive	
  
Deep	
  Inelas-c	
  ScaEering	
  (SIDIS)	
  or	
  the	
  Drell-­‐Yan	
  (DY)	
  process	
  
with	
  a	
  transversely	
  polarized	
  nucleon	
  target	
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TMDs	
  
•  SIDIS:	
  TSSA	
  prop.	
  to	
  	
  TMD	
  (quark)	
  ⨂	
  FF	
  (quark	
  →	
  hadron)	
  	
  
•  DY:	
  TSSA	
  propor-onal	
  to	
  TMD	
  (quark)	
  ⨂	
  TMD	
  (an--­‐quark)	
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Sivers	
  Func-on	
  in	
  SIDIS	
  
•  TMDs	
  measured	
  in	
  azimuthal	
  Sivers	
  asymmetry	
  of	
  produced	
  

hadron	
  and	
  nucleon	
  spin	
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Sivers	
  Func-on	
  in	
  SIDIS	
  
•  Posi-ve	
  Sivers	
  asymmetry	
  measured	
  by	
  Hermes	
  and	
  

COMAPSS	
  for	
  posi-ve	
  hadrons	
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Sivers	
  Func-on	
  
•  The	
  resul-ng	
  Sivers	
  func-on	
  is	
  posi-ve	
  for	
  u	
  quarks	
  and	
  

nega-ve	
  for	
  d	
  quarks	
  in	
  SIDIS,	
  but	
  predicted	
  to	
  be	
  sign-­‐
reversed	
  in	
  Drell-­‐Yan	
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M. Anselmino, et al., 	


Eur. Phys. J. A 39, 89 - 100 (2009)	



M. Anselmino, et al., 	


Phys. Rev. D79, 054010 (2009)	



DY	
  

SIDIS	
  



Angular	
  Dependence	
  of	
  Polarized	
  
Drell-­‐Yan	
  Cross-­‐Sec-on	
  

•  ΦS   angle between target 
spin and lepton pair plane 

•  Φ  angle between hadron 
pair plane and lepton pair 
plane 

•  θ  polar angle of lepton 
pair   

•  If kT of quarks non-zero 

 of di-lepton 
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Di-­‐lepton	
  rest	
  frame	
  

Target	
  rest	
  frame	
  

qT  =  kTa + kTb 



Pion	
  Induced	
  Polarized	
  Drell-­‐Yan	
  
Cross-­‐Sec-on	
  

•  Negative pions scattering 
off polarized protons 

•  Dominated by u u-bar 
annihilation  
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Drell-­‐Yan	
  Cross-­‐Sec-on	
  
•  For a transversely polarized nucleon target 
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F : flux of incoming hadrons 
D[] : depolarization factor  
q : virtual photon momentum 

S. Arnold et al., 	


Phys. Rev. D79, 034005 (2009)	



Sivers	
  Asymmetry	
  expected	
  
to	
  be	
  sizeable	
  in	
  valence	
  
quark	
  region	
  



COMPASS	
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MuonWall 

MuonWall 
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E/HCAL 

RICH 

Target 

COMPASS	
  
•  190	
  GeV	
  pion	
  beam	
  with	
  2	
  ·∙	
  109	
  pions	
  per	
  spill	
  
•  9.6	
  s	
  long	
  spill	
  every	
  48	
  s	
  
•  Solid	
  ammonia	
  target	
  
•  Luminosity	
  1032	
  cm-­‐2	
  s-­‐1	
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C. Riedl	





COMPASS	
  Polarized	
  Target	
  

•  2.5	
  T	
  longitudinal	
  
field	
  for	
  polariza-on	
  
build-­‐up	
  via	
  DNP	
  

•  0.6	
  T	
  transverse	
  field	
  
for	
  data	
  taking	
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Simula-on	
  of	
  Kinema-cs	
  
•  Very	
  good	
  overlap	
  between	
  SIDIS	
  and	
  Drell-­‐Yan	
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Es-mates	
  
•  140	
  days	
  of	
  running	
  resul-ng	
  

in	
  285,000	
  DY	
  events	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(4 <  Muu  < 9 GeV/c2) 

•  <	
  2%	
  sta-s-cal	
  precision	
  on	
  
asymmetry	
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