
The	  Rela(vis(c	  Heavy	  Ion	  Collider	  (RHIC)	  (Figure	  1),	  located	  at	  Brookhaven	  Na(onal	  Laboratory	  is	  the	  
world's	  only	  machine	  capable	  of	  colliding	  high-‐energy	  beams	  of	  polarized	  protons.	  The	  Solenoidal	  Tracker	  
at	  RHIC	  (STAR)	  (Fig.	  2)	  u(lizes	  these	  polarized-‐proton	  collisions	  to	  explore	  the	  so-‐called	  proton	  “spin	  crisis”.	  
It	  is	  known	  experimentally	  that	  the	  spin	  of	  the	  proton	  is	  ½	  ħ,	  but	  it	  is	  known	  from	  deep	  inelas(c	  scaRering	  
experiments	  that	  the	  quarks	  and	  an(-‐quarks	  inside	  the	  proton	  only	  contribute	  about	  30%	  of	  the	  total	  
proton	  spin.	  To	  account	  for	  the	  rest	  of	  the	  spin,	  we	  must	  consider	  the	  gluonic	  contribu(on	  and	  orbital	  
angular	  momentum	  contribu(on	  of	  the	  proton's	  cons(tuents.	  These	  contribu(ons	  	  are	  summarized	  in	  the	  
proton	  spin	  sum	  rule:	  	  	  
	  
	  
	  
Spin	  physics	  at	  STAR	  u(lizes	  three	  main	  subsystems	  of	  the	  detector.	  The	  Endcap	  ElectroMagne(c	  
Calorimeter	  (EEMC)	  and	  the	  Barrel	  ElectroMagne(c	  Calorimeter	  (BEMC)	  measure	  neutral	  energies	  	  as	  well	  
as	  electron	  energies	  within	  the	  pseudorapidity	  range	  of	  1	  <	  η	  <	  2	  and	  -‐1	  <	  η	  <	  1	  respec(vely.	  The	  Time	  
Projec(on	  Chamber	  (TPC)	  	  rests	  within	  the	  BEMC,	  and	  is	  filled	  with	  a	  gas	  mixture	  (10%	  methane	  and	  90%	  
argon).	  Charged	  par(cles	  moving	  through	  the	  detector	  ionize	  the	  gas	  leaving	  electrons	  to	  dri`	  in	  an	  
electric	  field	  to	  the	  readout	  endcaps.	  This	  informa(on	  is	  then	  used	  to	  reconstruct	  the	  paths	  of	  the	  charged	  
par(cles	  through	  the	  TPC.	  	  
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Figure	  1:	  Brookhaven	  Na(onal	  
Laboratory;	  the	  RHIC	  Collider	  is	  
highlighted	  at	  the	  top.	  

Figure	  2:	  The	  STAR	  Detector;	  the	  BEMC,	  
EEMC,	  and	  TPC	  are	  highlighted.	  
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One	  way	  to	  study	  spin-‐effects	  is	  to	  analyze	  spin-‐dependent	  asymmetries	  in	  the	  
final-‐state	  par(cles	  produced	  in	  polarized-‐proton	  collisions.	  The	  large	  angular	  
acceptance	  of	  STAR	  allows	  the	  reconstruc(on	  of	  full	  jets,	  narrow	  cones	  of	  
par(cles	  produced	  by	  scaRered	  quarks	  and	  gluons.	  	  Analyzing	  spin-‐dependent	  
azimuthal	  asymmetries	  in	  p↑+p	  →	  jet	  +	  X	  and	  p↑+	  p	  →	  jet	  +	  π±	  +	  X	  allows	  one	  
sensi(vity	  	  to	  	  contribu(ons	  from	  two	  pieces	  of	  proton	  spin	  structure:	  the	  
effec(ve	  transverse	  quark	  polariza(on	  (transversity)	  and	  the	  orbital	  mo(on	  of	  
quarks	  and	  gluons.	  The	  Collins	  Mechanism	  produces	  an	  asymmetry	  in	  the	  
distribu(on	  of	  charged	  par(cles	  inside	  the	  jet,	  while	  the	  Sivers	  mechanism	  
produces	  an	  asymmetry	  in	  the	  jet	  produc(on	  itself	  (Figure	  4).	  

Because	  the	  Sivers	  and	  Collins	  
Mechanisms	  depend	  on	  azimuthal	  
angles,	  measuring	  the	  resolu(ons	  of	  the	  
relevant	  angles	  is	  cri(cal	  to	  quan(fying	  
the	  systema(c	  uncertain(es	  of	  the	  
asymmetry	  measurements.	  A	  useful	  
means	  to	  study	  the	  resolu(ons	  and	  
response	  of	  the	  STAR	  detector	  in	  light	  of	  
pile-‐up	  backgrounds	  is	  to	  embed	  
simulated	  events	  into	  real	  data.	  In	  2009	  
and	  2011,	  STAR	  collected	  data	  from	  
polarized-‐proton	  collisions	  which	  
provide	  an	  opportunity	  to	  compare	  jets	  
reconstructed	  from	  real	  events	  to	  those	  
from	  simulated	  events	  to	  ensure	  
simula(ons	  accurately	  reflect	  real	  data.	  
	  

Figure	  4:	  Pictorial	  representa(on	  
for	  Collins	  and	  Sivers	  Mechanisms.	  

Figures	  7-‐10	  show	  the	  comparison	  of	  
embedding	  to	  real	  data	  for	  
reconstructed	  jet	  transverse	  
momentum	  (PT	  ),	  	  charged	  par(cle	  PT	  	  
rela(ve	  to	  the	  jet	  (JT	  ),	  and	  the	  
frac(on	  of	  the	  jet	  momentum	  carried	  
the	  charged	  par(cle	  (z).	  The	  
agreement	  for	  charged	  par(cle	  
distribu(ons	  is	  reasonable.	  
Discrepancies	  in	  the	  jet	  PT	  spectrum,	  
because	  2009	  simula(on	  was	  only	  for	  
high-‐	  PT	  triggered	  jets,	  	  show	  the	  need	  
for	  lower	  PT	  simula(on	  from	  2011	  to	  
include	  minimum-‐bias	  events.	  

First,	  jet	  events	  are	  simulated	  	  (using	  
PYTHIA	  6.426).	  The	  simulated	  detector	  
response	  (created	  using	  GEANT	  3.21/08)	  is	  
then	  embedded	  into	  a	  data	  file	  for	  real	  
events	  taken	  without	  preference	  for	  a	  
par(cular	  detector	  trigger	  (zero	  bias	  data).	  
This	  “embedded”	  event	  is	  then	  
reconstructed	  in	  the	  same	  manner	  as	  real	  
triggered	  events.	  The	  jets	  reconstructed	  
from	  the	  embedding	  files	  are	  then	  
matched	  to	  a	  known	  jet	  simulated	  for	  that	  
event.	  Individual	  charged	  par(cles	  within	  
these	  matched	  jets	  are	  then	  also	  matched	  
to	  the	  par(cles	  from	  the	  simulated	  jet.	  
The	  distribu(ons	  of	  matched	  jets	  and	  
par(cles	  are	  compared	  to	  those	  from	  real	  
triggered	  data	  to	  see	  if	  the	  simula(on	  
realis(cally	  reproduces	  the	  data.	  	  	  
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STAR	  summer	  research	  group	  Figure	  3:	  Diagram	  of	  the	  proton	  including	  
valence	  quarks,	  sea	  quarks,	  	  gluons,	  and	  arrows	  
represen(ng	  spin.	  

Abstract	  
Measurements	  of	  par(cle	  produc(on	  from	  polarized-‐proton	  collisions	  at	  
Brookhaven	  Na(onal	  Laboratory's	  Rela(vis(c	  Heavy	  Ion	  Collider	  (RHIC)	  give	  
insight	  into	  proton	  spin	  structure.	  One	  way	  to	  study	  spin	  effects	  such	  as	  those	  
due	  to	  quark	  transversity	  or	  the	  Sivers	  parton	  distribu(on	  func(on	  is	  to	  
analyze	  spin-‐dependent	  asymmetries	  in	  the	  final-‐state	  par(cles	  produced	  in	  
transversely	  polarized-‐proton	  collisions.	  The	  large	  angular	  acceptance	  of	  the	  
Solenoidal	  Tracker	  at	  RHIC	  (STAR)	  allows	  the	  reconstruc(on	  of	  full	  jets	  in	  
addi(on	  to	  inclusive	  hadron	  produc(on.	  Analyzing	  spin-‐dependent	  azimuthal	  
asymmetries	  in	  p↑+p	  →	  jet	  +	  X	  (e.g.	  Sivers	  Mechanism)	  and	  p↑+	  p	  →	  jet	  +	  π±	  +	  
X	  allows	  one	  to	  isolate	  contribu(ons	  from	  the	  Sivers	  and	  Collins	  effects.	  
Measuring	  the	  resolu(on	  of	  the	  relevant	  azimuthal	  angles	  is	  cri(cal	  to	  
quan(fying	  the	  systema(c	  uncertain(es	  of	  the	  asymmetry	  measurements.	  A	  
useful	  means	  to	  study	  the	  resolu(ons	  and	  response	  of	  the	  STAR	  detector	  in	  
light	  of	  pile-‐up	  backgrounds	  is	  to	  embed	  simulated	  events	  into	  real	  zero-‐bias	  
data.	  In	  2009	  and	  2011	  STAR	  collected	  data	  from	  polarized-‐proton	  collisions	  at	  
√𝑠   =	  500	  GeV.	  These	  samples	  provide	  an	  opportunity	  to	  study	  the	  angular	  
resolu(on	  of	  inclusive	  jets	  at	  500	  GeV	  from	  embedded	  simulated	  events,	  and	  
the	  progress	  of	  these	  studies	  will	  be	  shown.	  

⟨SP ⋅ (p × kT,parton) ⟩ ≠ 0 

⟨Sq ⋅ (p × kT,π) ⟩ ≠ 0 

Sivers mechanism: asymmetry in the 
forward jet or γ production 

SP 
kT,parton 

p 

p

Collins mechanism: asymmetry in the 
forward jet fragmentation 

SP 

p 

p

Sq kT,π 

Sensitive to proton spin– parton 
transverse motion correlations 
(needs Lz) 

Sensitive to 
transversity (h1) 

Collins	  Effect,	  Sivers	  Effect,	  and	  
Transversity	  

h1(x) 

Proton spin ⇑ 

⇑ ⇓ 

Quark	  transversity	  is	  a	  fundamental	  
piece	  in	  understanding	  the	  spin	  
structure	  of	  the	  proton.	  It	  is	  the	  
measure	  of	  the	  quark	  transverse	  
polariza(on	  inside	  a	  transversely	  
polarized	  proton.	  This	  quan(ty	  can	  be	  
extracted	  using	  the	  Collins	  asymmetry	  
measurement	  and	  the	  Collins	  
fragmenta(on	  func(on,	  which	  has	  
been	  measured	  by	  the	  Belle	  
Collabora(on.	  

Figure	  5:	  Pictorial	  representa(on	  
for	  Transversity.	  

Embedding	  and	  Data	  Comparisons	  

Figure	  6:	  Pictorial	  representa(on	  
contrasted	  data	  jets	  and	  simulated	  jets	  

Figure	  8:	  Normalized	  Yields	  vs.	  Rela(ve	  
Par(cle	  PT	  

Figure	  9:	  Normalized	  Yields	  vs.	  Jet	  
Momentum	  Frac(on	  
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Figure	  7:	  Normalized	  Yields	  	  vs.	  Jet	  PT	  
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Figure	  10:	  Two	  dimensional	  histogram	  of	  φreco	  –	  φtrue	  vs.	  
zreco-‐Bin	  for	  the	  Collins-‐	  like	  angle.	  The	  zreco-‐Bin	  edges	  are	  
the	  following:	  0,	  0.05,	  0.1,	  0.2,	  0.3,	  0.4,	  0.5,	  0.8.	  

The	  resolu(ons	  in	  this	  project	  refer	  to	  the	  width	  of	  
the	  distribu(on	  of	  φreco	  –	  φtrue	  (Δφ),	  or	  how	  precisely	  
the	  true	  azimuthal	  angle	  can	  be	  "resolved“.	  Detectors	  
are	  not	  perfect,	  and	  the	  “true”	  distribu(on	  is	  
effec(vely	  smeared	  over	  a	  range.	  The	  resolu(on	  can	  
be	  used	  to	  correct	  for	  such	  an	  effect	  and	  is	  shown	  in	  
Fig.	  10	  for	  minimum	  bias	  simula(on.	  The	  top	  of	  the	  
histogram	  shows	  the	  means	  and	  mean-‐errors	  of	  the	  
Δφ	  distribu(on.	  These	  are	  fit	  with	  a	  constant	  the	  
result	  of	  which,	  shown	  in	  the	  sta(s(cs	  window,	  gives	  
the	  azimuthal	  shi`.	  In	  this	  case,	  it's	  small,	  within	  one	  
σ	  of	  zero,	  and	  yields	  a	  reasonable	  χ2.	  So,	  in	  this	  case	  
there	  is	  no	  significant	  "shi`"	  away	  from	  the	  true	  
distribu(on.	  The	  boRom	  shows	  the	  standard	  
devia(on	  for	  Δφ	  .	  This	  is	  the	  resolu(on	  and	  indicates	  
by	  how	  much	  the	  measured	  asymmetries	  are	  
damped	  by	  an	  inability	  to	  measure	  the	  "true"	  
azimuthal	  angle	  correctly	  every	  (me.	  In	  this	  case	  the	  
damping	  is	  ≤15%.	  


