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parabola and the 1σ uncertainty in any observable would correspond to ∆χ2 = 1. In order to account for unexpected
sources of uncertainty, in modern unpolarized global analysis it is customary to consider instead of ∆χ2 = 1 between
a 2% and a 5% variation in χ2 as conservative estimates of the range of uncertainty.

As expected in the ideal framework, the dependence of χ2 on the first moments of u and d resemble a parabola
(Figures 3a and 3b). The KKP curves are shifted upward almost six units relative to those from KRE, due to the
difference in χ2 of their respective best fits. Although this means that the overall goodness of KKP fit is poorer than
KRE, δd and δu seem to be more tightly constrained. The estimates for δd computed with the respective best fits
are close and within the ∆χ2 = 1 range, suggesting something close to the ideal situation. However for δu, they only
overlap allowing a variation in ∆χ2 of the order of a 2%. This is a very good example of how the ∆χ2 = 1 does not
seem to apply due to an unaccounted source of uncertainty: the differences between the available sets of fragmentation
functions.
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FIG. 4: Parton densities at Q2 = 10 GeV2, and the uncertainty bands corresponding to ∆χ2 = 1 and ∆χ2 = 2%

An interesting thing to notice is that almost all the variation in χ2 comes from the comparison to pSIDIS data.
The partial χ2 value computed only with inclusive data, χ2

pDIS , is almost flat reflecting the fact the pDIS data are

not sensitive to u and d distributions. In Figure 3, we plot χ2
pDIS with an offset of 206 units as a dashed-dotted line.

The situation however changes dramatically when considering δs or δg as shown in Figures 3c and 3f, respectively.
In the case of the variation with respect to δs, the profile of χ2 is not at all quadratic, and the distribution is much
more tightly constrained (notice that the scale used for δs is almost four times smaller than the one used for light
sea quarks moments). The χ2

pDIS corresponding to inclusive data is more or less indifferent within an interval around
the best fit value and increases rapidly on the boundaries. This steep increase is related to a positivity constraints on
∆s and ∆g. pSIDIS data have a similar effect but also helps to define a minimum within the interval. The preferred
values for δs obtained from both NLO fits are very close, and in the case of KRE fits, it is also very close to those
obtained for δu and δd suggesting SU(3) symmetry.

Rather than imposing the standard SU(2) and SU(3)
symmetry constraints on the first moments of the quark
and antiquark distributions, we allow for deviations

 !U!!D " #F$D%&1$ "SU#2%'; (6)

 !U$ !D! 2!S " #3F!D%&1$ "SU#3%'; (7)

where !F ( &!f1j $ ! "f1j '#Q2
0%, F$D " 1:269) 0:003,

3F!D " 0:586) 0:031 [2], and "SU#2;3% are free parame-
ters. In total we have fitted 26 parameters [16], setting
! "u; "d;"s;g " 0 in Eq. (4). Positivity relative to the unpolarized
PDFs of Ref. [14] is enforced at Q0. In Fig. 1 we compare
the results of our fit using Q " pT to RHIC data from
polarized p-p collisions at 200 GeV [4], included for the
first time in a NLO global fit. The bands are obtained with
the LM method applied to each data point and correspond
to the maximum variations for ALL computed with alter-
native fits consistent with an increase of !"2 " 1 or
!"2="2 " 2% in the total "2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analyses [6,8].
For brevity, the total !u$!"u and !d$! "d densities are
not shown as they are very close to those in all other fits [6–
8]. Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

 !f1;&xmin!xmax'
j #Q2% (

Z xmax

xmin

!fj#x;Q2%dx; (8)

at Q2 " 10 GeV2 and for [0:001 ! 1]. As in Ref. [8] they
can be taken as faithful estimates of the typical uncertain-
ties for the antiquark densities. For the elusive polarized
gluon distribution, however, we perform a more detailed
estimate, now discriminating three regions in x: [0:001 !

0:05], [0:05 ! 0:2] (roughly corresponding to the range
probed by RHIC data), and [0:2 ! 1:0]. Within each re-
gion, we scan again for alternative fits that maximize the
variations of the truncated moments !g1;&xmin!xmax'. These
sets are allowed to produce a third of the increase in "2 for
each region. In this way we can produce a larger variety of
fits than for a single [0:001 ! 1] moment, and, therefore, a
more conservative estimate. Such a procedure is not nec-
essary for antiquarks whose x shape is already much better
determined by DIS and SIDIS data.

One can first of all see in Fig. 2 that !g#x;Q2% comes out
rather small, even when compared to fits with a ‘‘moder-
ate’’ gluon polarization [6,8], with a possible node in the
distribution. This is driven mainly by the RHIC data, which
put a strong constraint on the size of !g for 0:05 & x &
0:2 but cannot determine its sign as they mainly probe !g
squared. To explore this further, Fig. 3 shows the "2 profile
and partial contributions !"2

i of the individual data sets for
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parabola and the 1σ uncertainty in any observable would correspond to ∆χ2 = 1. In order to account for unexpected
sources of uncertainty, in modern unpolarized global analysis it is customary to consider instead of ∆χ2 = 1 between
a 2% and a 5% variation in χ2 as conservative estimates of the range of uncertainty.

As expected in the ideal framework, the dependence of χ2 on the first moments of u and d resemble a parabola
(Figures 3a and 3b). The KKP curves are shifted upward almost six units relative to those from KRE, due to the
difference in χ2 of their respective best fits. Although this means that the overall goodness of KKP fit is poorer than
KRE, δd and δu seem to be more tightly constrained. The estimates for δd computed with the respective best fits
are close and within the ∆χ2 = 1 range, suggesting something close to the ideal situation. However for δu, they only
overlap allowing a variation in ∆χ2 of the order of a 2%. This is a very good example of how the ∆χ2 = 1 does not
seem to apply due to an unaccounted source of uncertainty: the differences between the available sets of fragmentation
functions.
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FIG. 4: Parton densities at Q2 = 10 GeV2, and the uncertainty bands corresponding to ∆χ2 = 1 and ∆χ2 = 2%

An interesting thing to notice is that almost all the variation in χ2 comes from the comparison to pSIDIS data.
The partial χ2 value computed only with inclusive data, χ2

pDIS , is almost flat reflecting the fact the pDIS data are

not sensitive to u and d distributions. In Figure 3, we plot χ2
pDIS with an offset of 206 units as a dashed-dotted line.

The situation however changes dramatically when considering δs or δg as shown in Figures 3c and 3f, respectively.
In the case of the variation with respect to δs, the profile of χ2 is not at all quadratic, and the distribution is much
more tightly constrained (notice that the scale used for δs is almost four times smaller than the one used for light
sea quarks moments). The χ2

pDIS corresponding to inclusive data is more or less indifferent within an interval around
the best fit value and increases rapidly on the boundaries. This steep increase is related to a positivity constraints on
∆s and ∆g. pSIDIS data have a similar effect but also helps to define a minimum within the interval. The preferred
values for δs obtained from both NLO fits are very close, and in the case of KRE fits, it is also very close to those
obtained for δu and δd suggesting SU(3) symmetry.

de Florian et al., Phys. Rev. D71, 094018 (2005).  de Florian et al., PRL 101 (2008) 072001 
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For	
  most	
  RHIC	
  kinema?cs,	
  gg	
  and	
  qg	
  
dominate,	
  making	
  ALL	
  for	
  jets	
  sensi?ve	
  to	
  
gluon	
  polariza1on.	
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RHIC:	
  	
  The	
  World’s	
  First	
  Polarized	
  Hadron	
  Collider	
  

•  Spin	
  varies	
  from	
  rf	
  bucket	
  to	
  rf	
  bucket	
  (9.4	
  MHz)	
  
•  Spin	
  paYern	
  changes	
  from	
  fill	
  to	
  fill	
  
•  Spin	
  rotators	
  provide	
  choice	
  of	
  spin	
  orienta?on	
  
•  Billions	
  of	
  spin	
  reversals	
  during	
  a	
  fill	
  with	
  liYle	
  depolariza?on	
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π0	
  Cross	
  Sec?on	
  Result	
  	
  Cross Section Preliminary Results
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! Theory curve from private communication with Marco Stratmann
! Uses CTEQ65M distribution functions and DSS fragmentation function
! Does not include propagated uncertainty on distribution and fragmentation functions

! Points plotted at Lafferty-Wyatt points, by fitting entire result to an exponential.
! Error bars indicate statistical uncertainty (barely visible)
! Error boxes indicate systematic systematic uncertainty.

! Experimental uncertainties are on the order of the theoretical scale uncertainty.
! Result covers an unmeasured region of phase space

! It is observed that the cross section for 0.8 < η < 2.0 is not much different than that for 0 < η < 1.
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•  Results	
  cover	
  an	
  unmeasured	
  region	
  of	
  phase	
  space	
  
–  0.8	
  <	
  η	
  <	
  2.0	
  	
  

•  Agreement	
  with	
  theore?cal	
  calcula?ons	
  CTEQ6.5M	
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Longitudinal	
  Spin	
  π0	
  Asymmetries	
  	
  

•  In	
  Run	
  6,	
  STAR	
  measured	
  the	
  π0	
  ALL	
  in	
  several	
  different	
  pseudorapidity	
  
ranges.	
  	
  

•  Mid	
  rapidity	
  results	
  excludes	
  maximal	
  Δg	
  model	
  
•  qg	
  scaYering	
  dominates	
  at	
  high	
  η	
  with	
  large	
  a	
  quarks	
  and	
  small	
  x	
  glouns	
  

|η|	
  <	
  0.95	
   1.0	
  <	
  η	
  <	
  2.0	
  

7	
  



Jet	
  Reconstruc?on	
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e+	
  

Midpoint	
  cone	
  algorithm	
  
(Adapted	
  from	
  Tevatron	
  II	
  -­‐	
  hep-­‐ex/0005012)	
  
	
  

• 	
  	
  Seed	
  energy	
  ETseed	
  =	
  0.5	
  GeV	
  

• 	
  	
  Cone	
  radius	
  R	
  =	
  √Δη2+Δφ2	
  =	
  0.7	
  

• 	
  	
  Split/merge	
  frac?on	
  f	
  =	
  0.5	
  

Use	
  PYTHIA	
  +	
  GEANT	
  to	
  
quan?fy	
  detector	
  response	
  

An?-­‐KT	
  algorithm	
  
([arXiv:0802.1189])	
  
	
  

• 	
  	
  Successive	
  Combina?on	
  	
  
• 	
  	
  Radius	
  R	
  =	
  0.6	
  

	
  
dij =min 1

kTi
2 , 1kTj2( )!Rij

2

R2

diB =
1
kTi
2
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2006	
  inclusive	
  jet	
  cross	
  sec?on	
  

• 	
  Data	
  well	
  described	
  by	
  NLO	
  pQCD+Hadroniza?on+Underlying	
  Event	
  

preliminary	
  

preliminary	
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2006	
  inclusive	
  jet	
  ALL
	
  

• 	
  Sampled	
  5.5	
  pb-­‐1	
  at	
  ~57%	
  average	
  beam	
  polariza?on	
  
• 	
  STAR	
  data	
  rule	
  out	
  several	
  previous	
  models	
  of	
  gluon	
  polariza?on	
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•  First	
  global	
  NLO	
  analysis	
  to	
  include	
  DIS,	
  SIDIS,	
  and	
  RHIC	
  pp	
  data	
  on	
  equal	
  foo?ng	
  
•  Finds	
  node	
  in	
  gluon	
  distribu?on	
  near	
  x	
  ~	
  0.1	
  

de	
  Florian	
  et	
  al,	
  PRL	
  101	
  072001	
  (2008)	
  

DSSV	
  –	
  First	
  Global	
  Analysis	
  with	
  Polarized	
  Jets	
  

STAR	
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2009	
  improvements	
  
•  Collected	
  4	
  ?mes	
  the	
  figure-­‐of-­‐merit	
  of	
  2006	
  

–  Sampled	
  20	
  pb-­‐1	
  at	
  58%	
  average	
  beam	
  polariza?on	
  
•  2009	
  jet	
  patch	
  trigger	
  upgrades	
  

–  Overlapping	
  jet	
  patches	
  and	
  lower	
  ET	
  threshold	
  improve	
  efficiency	
  and	
  
reduce	
  trigger	
  bias	
  

•  Net	
  increase	
  of	
  37%	
  in	
  jet	
  acceptance	
  
–  Remove	
  beam-­‐beam	
  counter	
  trigger	
  requirement:	
  

•  Trigger	
  more	
  efficiently	
  at	
  high	
  jet	
  pT	
  
•  Measure	
  non-­‐collision	
  background	
  

–  Increased	
  trigger	
  rate	
  enabled	
  by	
  DAQ1000	
  

•  Improvements	
  in	
  jet	
  reconstruc?on	
  
–  Subtract	
  100%	
  of	
  track	
  momentum	
  from	
  struck	
  tower	
  energy	
  (2009)	
  

instead	
  of	
  MIP	
  (2006)	
  
–  Overall	
  jet	
  energy	
  resolu?on	
  improved	
  from	
  23%	
  to	
  18%	
  
–  Switching	
  to	
  an?-­‐kT	
  algorithm	
  for	
  final	
  result	
  

•  Reduces	
  sensi?vity	
  to	
  underlying	
  event	
  effects	
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From	
  2006	
  to	
  2009	
  

•  2009	
  STAR	
  data	
  is	
  a	
  factor	
  of	
  3	
  (high-­‐pT)	
  to	
  >4	
  (low-­‐pT)	
  more	
  precise	
  than	
  2006	
  STAR	
  
data 

•  Results	
  fall	
  between	
  predic?ons	
  from	
  DSSV	
  and	
  GRSV-­‐STD	
  
•  Precision	
  sufficient	
  to	
  merit	
  finer	
  binning	
  in	
  pseudorapidity	
  

arXiv:1106.5769	
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2009	
  inclusive	
  jet	
  ALL	
  

• 	
  	
  ALL	
  separated	
  into	
  two	
  pseudorapidity	
  ranges	
  
• 	
  Forward	
  jets	
  involve:	
  

• 	
  A	
  larger	
  frac?on	
  of	
  quark-­‐gluon	
  scaYering	
  with:	
  
• 	
  Higher	
  x	
  quarks	
  that	
  are	
  more	
  polarized	
  
• 	
  Lower	
  x	
  gluons	
  that	
  are	
  less	
  polarized	
  

• 	
  Larger	
  |cos(θ*)|,	
  which	
  reduces	
  âLL	
  
• 	
  	
  ALL	
  falls	
  between	
  the	
  predic?ons	
  from	
  DSSV	
  and	
  GRSV-­‐STD	
  

Mid	
  rapidity	
   Forward	
  rapidity	
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New	
  global	
  analysis	
  with	
  2009	
  RHIC	
  data	
  
Special	
  thanks	
  to	
  the	
  DSSV	
  group!	
  

•  DSSV++	
  is	
  a	
  new,	
  preliminary	
  global	
  analysis	
  from	
  the	
  DSSV	
  group	
  that	
  
includes	
  the	
  2009	
  RHIC	
  ALL	
  data	
  (STAR	
  inclusive	
  jets	
  and	
  PHENIX	
  π0’s)	
  

	
  
•  First	
  experimental	
  evidence	
  of	
  non-­‐zero	
  Δg(x)	
  in	
  RHIC	
  range	
  (0.05	
  ≤	
  x	
  ≤	
  0.2)	
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Higher	
  Precision	
  Coming	
  Soon	
  

• 	
  	
  During	
  2012	
  STAR	
  measured	
  inclusive	
  jet	
  ALL	
  in	
  510	
  GeV	
  collision	
  	
  
• 	
  STAR	
  also	
  expects	
  significant	
  future	
  reduc?ons	
  in	
  the	
  uncertain?es	
  for	
  the	
  200	
  GeV	
  
collisions	
  rela?ve	
  to	
  the	
  2009	
  results	
  

• An?cipate	
  doubling	
  the	
  exis?ng	
  200	
  GeV	
  data	
  during	
  the	
  2015	
  RHIC	
  run	
  
16	
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Correla?on	
  measurements	
  

x1,2 =
1
s
pT 3e

±!3 + pT 4e
±!4( )

cos! * = tanh "3 !"4
2

•  	
  Inclusive	
  probes	
  at	
  fixed	
  pT	
  sample	
  broad	
  x	
  range	
  ⇒	
  global	
  analysis	
  needed	
  to	
  
disentangle	
  shape	
  of	
  Δg(x)	
  

•  	
  Reconstruc?ng	
  dijet	
  final	
  state	
  (jet	
  pT	
  and	
  η)	
  provides	
  informa?on	
  on	
  ini?al	
  parton	
  
kinema?cs	
  (x1,2	
  and	
  cosθ*)	
  at	
  LO	
  

•  The	
  large	
  acceptance	
  of	
  STAR	
  is	
  well	
  suited	
  for	
  correla?on	
  measurements	
  and	
  full	
  jet	
  
reconstruc?on	
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   q,g	
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x1	
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2006	
  dijet	
  cross	
  sec?on	
  @	
  200	
  GeV	
  

• 	
  Data	
  shows	
  good	
  agreement	
  with	
  NLO	
  pQCD	
  +	
  
CTEQ6M	
  including	
  Hadroniza?on	
  +	
  Underlying	
  
Event	
  Correc?ons	
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2009	
  200GeV	
  dijet	
  partonic	
  coverage	
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2009	
  dijet	
  ALL	
  @	
  200GeV	
  

• 	
  STAR	
  data	
  fall	
  between	
  predic?ons	
  of	
  DSSV	
  and	
  GRSV-­‐STD	
  

preliminary	
  

arXiv:1107.0917	
  
STAR!

preliminary	
  preliminary	
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2009	
  dijet	
  cross	
  sec?on	
  @	
  500	
  GeV	
  

•  STAR	
  has	
  measured	
  the	
  proton-­‐
proton	
  dijet	
  cross	
  sec?on	
  at	
  500	
  
GeV	
  using	
  the	
  an?-­‐kT	
  algorithm	
  	
  

•  Experimental	
  measurement	
  is	
  
systema?cally	
  lower	
  than	
  
theore?cal	
  predic?ons,	
  but	
  show	
  
good	
  agreement	
  within	
  systema?c	
  
errors	
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Projected	
  sensi?vity	
  for	
  dijet	
  ALL	
  at	
  500	
  GeV	
  

•  Higher	
  energy	
  accesses	
  lower	
  xg	
  

•  Expect	
  smaller	
  ALL	
  

•  Projec?ons	
  show	
  expected	
  
sensi?vity	
  for	
  the	
  recently	
  
completed	
  2013	
  run	
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Conclusions	
  
•  The	
  π0	
  cross	
  sec?on	
  has	
  been	
  measured	
  and	
  has	
  
established	
  a	
  basis	
  for	
  future	
  π0	
  measurements	
  in	
  a	
  
unique	
  intermediate	
  η	
  region	
  

•  The	
  2006	
  and	
  2009	
  STAR	
  data	
  has	
  placed	
  significant	
  
constrains	
  on	
  ΔG.	
  	
  

•  The	
  2009	
  data	
  verified	
  the	
  first	
  experimental	
  
evidence	
  of	
  a	
  non-­‐zero	
  value	
  of	
  ΔG.	
  

•  The	
  stage	
  is	
  set	
  for	
  using	
  500	
  GeV	
  data	
  to	
  access	
  
lower	
  x	
  regions	
  

	
  
•  Stay	
  Tuned	
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Thank	
  You	
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