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The	  Proton	  Spin	  and	  ΔG

incorporating quarks, gluons and angular momentum in terms of an integral over their

respective PDFs as

1

2
=

� 1

0
dx{1

2
∆q(x, Q2) + Lq(x, Q2) + ∆g(x, Q2) + Lg(x, Q2)}, (1.7)

or
1

2
=

1

2
∆Σ + Lq + ∆G + Lg. (1.8)

We introduce ∆g(x, Q2), the polarized gluon distribution function and its first mo-

ment ∆G, as well as the gluon orbital angular momentum Lg [32]. This sum rule

is formulated in a particular gauge (A+ = 0) in the light cone frame and valid only

in that gauge. It should be noted that currently we lack an experimental means of

measuring the gluon orbital angular momentum (Lg). A more robust discussion of

this spin sum rule can be found in [24] and [32]. This thesis will focus on constraining

∆G, the first moment of the polarized gluon distribution function and its contribution

to the proton’s spin.

Before we proceed further, we stress that understanding the spin decomposition

of the proton is far more than an exercise in understanding the structure of a specific

hadron. Instead, it is a deep exploration of a strongly interacting gauge theory.

Indeed, QCD is the only strongly interacting gauge theory manifested in nature.

Understanding QCD in it’s fullest extent is very likely a critical step in any attempt

at a unified theory of fundamental particles and interactions.

1.4 Constraining ∆G with a Hadron Collider

A thorough review of previous experiments designed to study proton spin (and specif-

ically the gluon contribution ∆g(x, Q2)) can be found in [31]. Because photons do

not couple to the gluon, lepton-nucleon scattering measurements rely on higher-order

interactions to probe gluon distributions. A far more direct approach involves probing

quark-gluon and gluon-gluon scattering (where the gluon is probed at leading order)

in direct collisions of polarized protons at high energies, the subject of this work.
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The	  proton	  spin	  can	  be	  wriFen	  as

Polarized	  DIS	  measurements	  indicate	  that	  ΔΣ	  accounts	  for	  only	  ~30%	  of	  
the	  proton	  spin.

Δg(x)	  can	  be	  measured	  in	  polarized	  DIS	  but	  with	  large	  uncertain.es.
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(1) ∆G(Q2) =
� 1

0
dx(g+(x, Q2)− g−(x, Q2))
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FIGURE 2. Parton densities atQ2 = 10 GeV2, and the uncertainty bands corresponding to !"2 = 1 and
!"2 = 2%

matically the uncertainty in both the gluon and the light sea quark densities respectively,
the latter providing also an even more stringent test on fragmentation functions.
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We	  know	  that	  the	  proton	  spin	  is	  ½,	  and	  we	  know	  that	  the	  proton	  is	  made	  up	  of	  quarks	  and	  gluons,	  so	  the	  proton	  spin	  must	  arise	  from	  the	  spins	  
and	  orbital	  angular	  momenta	  of	  the	  quarks	  and	  gluons.	  	  We	  can	  measure	  the	  quark	  spin	  contribu.on	  to	  the	  proton	  spin	  in	  polarized	  deep	  inelas.c	  
scaFering	  experiments,	  which	  indicate	  that	  the	  quark	  polariza.on	  delta	  sigma	  accounts	  for	  about	  30%	  of	  the	  proton	  spin,	  but	  what	  about	  the	  
gluon	  spin	  contribu.on	  delta	  g,	  the	  integral	  over	  bjorken	  x	  of	  the	  polarized	  gluon	  pdf?	  	  Delta	  g	  can	  also	  be	  measured	  in	  polarized	  dis,	  but	  only	  
indirectly	  through	  scaling	  viola.ons,	  resul.ng	  in	  large	  uncertain.es,	  as	  can	  be	  seen	  in	  this	  plot	  showing	  a	  global	  fit	  of	  delta	  g	  from	  polarized	  dis	  
results.



ΔG	  in	  Polarized	  p-‐p	  Collisions

If	  one	  (or	  both)	  of	  the	  partons	  fa	  and	  fb	  is	  a	  gluon,	  ALL	  directly	  accesses	  Δg(x,Q
2).

Experimentally,	  ALL	  is	  calculated	  as

where	  the	  P’s	  are	  the	  beam	  polariza.ons	  and	  R	  is	  the	  ra.o	  of	  the	  luminosi.es	  in	  
the	  two	  helicity	  configura.ons.

ΔG	  can	  be	  accessed	  in	  longitudinally	  polarized	  proton-‐proton	  collisions	  through	  
the	  observable	  ALL,	  defined	  in	  the	  general	  case	  as

In longitudinally polarized proton-proton scattering, the gluon polarization distri-

bution is accessed via an observable, the double longitudinal spin asymmetry (ALL)

defined as

ALL =
σ++ − σ+−

σ++ + σ+−
. (1.9)

Where σ++(+−) is the cross section for same(opposite)-sign helicity6 configurations in

the two beams. For the case of pp→ π0 + X, ALL can be written in factorized form

as

App→π0+X
LL =

�
f=q,q̄,g ∆fa(x, Q2)⊗∆fb(x, Q2)⊗∆σ̂a+b→c+X ⊗Dc

π0(z)
�

f=q,q̄,g fa(x, Q2)⊗ fb(x, Q2)⊗ σ̂a+b→c+X ⊗Dc
π0(z)

(1.10)

Measuring ALL gives access to ∆g(x, Q2) when either if the PDFs fa or fb correspond

to a gluon g. Integrating over all momentum fractions (0 < x < 1) we arrive at the

contribution to the proton spin from the gluon spin. The hard partonic scattering

cross sections can be calculated with pQCD, the FFs and the unpolarized PDFs have

been measured in previous experiments. Using pQCD and previous measurements,

∆g(x, Q2) can thus be extracted from a measurement of ALL.

Extracting ∆g from equation 1.10 is difficult. ALL predictions are calculated

for specific final state production depending on the value of ∆G. Figure 1-3 shows a

number of these calculations for inclusive π0 production as a function of π0 transverse

momentum (pT ). By comparing our measured value of ALL with these calculations

we constrain the allowed values of ∆G and thus further our understanding of the

proton’s spin structure.

Global analyses of polarized DIS data yield loosely constrained values of the gluon

contribution to the proton spin. Figure 1-4 shows the results of one such global

analysis [20]. The quark contributions are very well constrained as indicated by the

small statistical and systematic uncertainties displayed in the left and center plots.

In contrast, note the large statistical and systematic errors on the best fit for x∆g.

By including data from polarized proton collisions subsequent global analyses will

achieve a much higher level of precision for ∆g.

6helicity is the projection of spin onto momentum and approximates spin at high energies.
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For	  the	  specific	  case	  of	  π0	  produc.on,	  ALL	  can	  be	  factorized	  into	  parton	  
distribu.on	  func.ons,	  cross-‐sec.ons,	  and	  fragmenta.on	  func.ons	  as	  follows:
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(1) ∆G(Q2) =
� 1

0
dx(g+(x,Q2)− g−(x,Q2))

(2) ALL =
1

P1P2

N++ −RN+−

N++ + RN+−

1

BRIEF ARTICLE

THE AUTHOR

(1) ∆G(Q2) =
� 1

0
dx(g+(x,Q2)− g−(x, Q2))

(2) ALL =
1

P1P2

N++ −RN+−

N++ + RN+−

(3) ALL =
�

f=q,q,g ∆fa × ∆fb × d∆σ̂fafb→fX × Dπ0

f�
f=q,q,g fa × fb × dσ̂fafb→fX × Dπ0

f

1

3

We’d	  like	  to	  be	  able	  to	  access	  delta	  g	  directly,	  through	  longitudinally	  polarized	  pp	  collisions,	  for	  which	  we	  use	  the	  observable	  a_ll,	  defined	  as	  the	  
difference	  between	  the	  cross-‐sec.on	  for	  some	  process	  with	  the	  proton	  spins	  aligned	  and	  with	  the	  spins	  an.-‐aligned	  divided	  by	  the	  total	  cross-‐
sec.on.	  	  Theore.cally,	  we	  can	  factor	  a_ll	  into	  a	  product	  of	  parton	  distribu.on	  fuc.ons	  (polarized	  and	  unpolarized),	  hard	  scaFering	  cross-‐sec.ons,	  
and	  fragmenta.on	  func.ons	  for	  our	  process	  (in	  this	  case,	  neutral	  pion	  produc.on):	  if	  one	  or	  both	  of	  the	  partons	  fa	  and	  i	  in	  the	  hard	  scaFering	  is	  
a	  gluon,	  a_ll	  directly	  access	  delta-‐g.	  	  Experimentally,	  because	  the	  factors	  that	  we	  use	  to	  transform	  a	  yield	  into	  a	  cross-‐sec.on	  cancel	  out	  in	  the	  
ra.o,	  we	  calcula.ng	  a_ll	  directly	  from	  the	  neutral	  pion	  spin-‐aligned	  and	  an.-‐aligned	  yields,	  n++	  and	  n+-‐,	  with	  the	  laFer	  normalized	  by	  the	  rela.ve	  
luminosity	  factor	  and	  the	  whole	  divided	  by	  the	  product	  of	  the	  beam	  polariza.ons.



The	  STAR	  Detector

The	  subsystems	  of	  interest	  here	  are:

•Barrel	  Electromagne.c	  Calorimeter	  
(BEMC):	  

•Lead-‐scin.llator	  sampling,	  20	  X0
•Barrel	  Shower	  Maximum	  Detector	  
(BSMD)	  at	  5	  X0

•MWPC	  with	  2-‐plane	  readout
•Provides	  fine	  posi.on	  resolu.on

•Time	  Projec.on	  Chamber	  (TPC)
•Charged	  track	  veto,	  vertexing

•Beam-‐Beam	  Counters	  (BBC)
•Triggering,	  luminosity

4

Here’s	  a	  picture	  of	  the	  star	  detector:	  the	  main	  subsystem	  of	  interest	  for	  this	  analysis	  is	  the	  barrel	  electromagne.c	  calorimeter,	  a	  lead-‐scin.llator	  
sampling	  calorimeter	  that	  has	  full	  phi	  coverage	  and	  eta	  coverage	  from	  -‐1	  to	  1.	  	  the	  bemc	  is	  20	  radia.on	  lengths	  deep:	  at	  a	  depth	  of	  about	  5	  
radia.on	  lengths	  is	  a	  shower	  maximum	  detector,	  a	  mul.-‐wire	  propor.onal	  chamber	  with	  2-‐plane	  readout	  that	  provides	  fine	  posi.on	  resolu.on.	  	  
Also	  used	  are	  the	  .me	  projec.on	  chamber,	  which	  provides	  charged	  par.cle	  tracking	  and	  so	  is	  used	  for	  a	  charged	  track	  veto	  and	  for	  vertexing,	  and	  
the	  beam-‐beam	  counters,	  which	  provide	  some	  triggering	  and	  luminosity	  measurements.



BSMD	  Clustering

Once	  clusters	  are	  found	  and	  
the	  charged	  track	  veto	  is	  
applied,	  photon	  candidates	  
are	  constructed	  by	  combining	  
clusters	  in	  one	  plane	  with	  all	  
sufficiently	  close	  clusters	  in	  
the	  other	  plane.

Figure 2-7: Partial cross section of a single BSMD module

Figure 2-8: Schematic of the BSMD. The position of EM showers can be reconstructed
by matching signals in both BSMD planes as seen here.
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Pions	  are	  reconstructed	  from	  the	  π0→γγ	  decay	  
channel.	  	  Photons	  leave	  energy	  deposits	  in	  the	  
two	  planes	  of	  the	  BSMD	  (see	  cartoon	  at	  right):	  
an	  algorithm	  takes	  BSMD	  energy	  deposits	  and	  
constructs	  clusters	  from	  the	  strips	  separately	  in	  
each	  plane	  (see	  cartoon	  below).	  	  Clusters	  are	  
based	  on	  seed	  strips,	  which	  are	  above	  an	  ADC	  
threshold	  and	  have	  more	  energy	  than	  the	  strips	  
on	  either	  side.

5

U	  plane
V	  plane

U	  Projec.on V	  Projec.on

Example:	  π0→γ1γ2

γ1+γ2 γ1 γ2

Neutral	  pions	  are	  reconstructed	  from	  the	  pi0-‐>gamma	  gamma	  decay	  channel:	  because	  of	  the	  large	  size	  of	  the	  calorimeter	  towers,	  .05x.05	  in	  eta-‐
phi,	  they	  can	  separate	  decay	  photons	  only	  at	  low	  energies,	  so	  pion	  reconstruc.on	  starts	  in	  the	  shower-‐max	  detector.	  	  In	  the	  upper	  right	  is	  a	  
cartoon	  of	  an	  electromagne.c	  shower	  in	  the	  bsmd,	  leaving,	  in	  the	  ideal	  gauss,	  roughly	  gaussian	  energy	  deposits	  in	  the	  strips	  of	  each	  plane.	  	  The	  
pion-‐finding	  algorithm	  assigns	  strips	  to	  clusters	  in	  each	  plane	  separately:	  an	  example	  is	  shown	  in	  the	  lower	  ler,	  where	  in	  the	  u	  plane	  the	  two	  
photons	  overlap	  too	  much	  to	  be	  dis.nguished,	  but	  in	  the	  v	  plane	  are	  easily	  separable,	  allowing	  the	  pion	  to	  be	  reconstructed.	  	  Once	  the	  clusters	  
have	  been	  found,	  the	  charged	  track	  veto	  is	  applied,	  and	  then	  photon	  candidates	  are	  constructed	  by	  combining	  clusters	  in	  the	  u	  plane	  with	  all	  the	  
clusters	  in	  the	  v	  plane	  that	  are	  close	  enough	  that	  it’s	  plausible	  that	  they	  arose	  from	  the	  same	  photon.



Detector	  Fake	  Pions
Pion	  candidates	  are	  formed	  
by	  taking	  all	  possible	  
combina.ons	  of	  photon	  
candidates.	  	  They	  are	  then	  
sorted	  by	  their	  decay	  
topology	  in	  the	  BEMC;	  
different	  decay	  topologies	  
have	  different	  methods	  of	  
calcula.ng	  energy	  and	  so	  
invariant	  mass.

In	  cases	  3	  and	  4,	  overlapping	  BSMD	  clusters	  create	  
detector	  fake	  pions.	  	  At	  ler,	  one	  genuine	  pion	  gives	  
rise	  to	  five	  fake	  pion	  candidates	  that	  must	  be	  
removed.	  	  
In	  addi.on	  to	  removing	  fakes,	  other	  cuts	  are	  
applied,	  including	  pion	  pT>4. 6

Pion	  Decay	  Example

Case	  1:	  Photons	  
are	  in	  different	  
pods	  and	  non-‐
adjacent	  towers.

Case	  2:	  Photons	  are	  
in	  different	  pods,	  
but	  towers	  are	  
adjacent.

Case	  3:	  Photons	  in	  
the	  same	  pod	  but	  
different	  towers.

Case	  4:	  
Photons	  are	  in	  
the	  same	  
tower.

Decay	  
Photon

BSMD	  
Cluster

Then	  pion	  candidates	  are	  formed	  by	  taking	  all	  possible	  combina.ons	  of	  photon	  candidates.	  	  It’s	  useful	  to	  sort	  the	  pion	  candidates	  by	  the	  way	  they	  
decay	  in	  the	  calorimeter	  towers:	  this	  is	  helpful	  in	  calcula.ng	  the	  candidate	  energy,	  since	  the	  towers	  provide	  the	  energy	  measurement,	  and	  also	  in	  
iden.fying	  if	  we	  need	  to	  look	  for	  detector	  fake	  pions.	  	  Here	  are	  shown	  cartoons	  of	  each	  of	  the	  four	  decay	  types	  (the	  orange	  blobs	  are	  the	  decay	  
photons,	  the	  green	  bands	  the	  bsmd	  clusters):	  the	  main	  dis.nc.on,	  though,	  is	  between	  the	  first	  two	  cases,	  in	  which	  the	  bsmd	  clusters	  of	  different	  
photons	  don’t	  overlap,	  and	  the	  second	  two	  cases,	  in	  which	  they	  do.	  	  An	  example	  of	  what	  happens	  when	  clusters	  from	  different	  photons	  overlap	  is	  
shown	  in	  the	  lower	  ler:	  in	  addi.on	  to	  reconstruc.ng	  the	  true	  photons,	  we	  also	  reconstruct	  two	  fake	  photons	  which	  are	  composed	  of	  one	  cluster	  
from	  one	  photon	  and	  the	  cluster	  in	  the	  opposite	  plane	  from	  the	  other	  photon.	  	  These	  four	  photons	  then	  become	  six	  pions,	  thanks	  to	  
combinatorics,	  of	  which	  only	  one,	  indicated	  by	  green	  arrows,	  is	  the	  true	  pion,	  and	  the	  other	  five	  (red	  arrows)	  are	  fakes.	  	  Luckily,	  we	  can	  use	  the	  
same	  geometry	  that	  creates	  these	  fake	  pions	  to	  get	  rid	  of	  them.	  	  Once	  the	  fakes	  are	  removed,	  some	  addi.onal	  cuts	  are	  applied,	  of	  which	  the	  main	  
one	  is	  the	  requirement	  that	  the	  pion	  candidate	  have	  pt>4.



Tue Mar 20 19:49:56 2012

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.50

20

40

60

80

100

120

140

310!
inv mass vs pt for data evtsinv mass vs pt for data evts

Invariant	  Mass	  Distribu.on
High-tower and jet-patch (1.0x1.0 in η-ϕ) triggers are used
Run	  9	  pp200:	  ~14	  pb-‐1	  at	  an	  average	  longitudinal	  polariza.on	  of	  ~59%

STAR	  Preliminary

Pion	  Invariant	  Mass	  (GeV/c2) 7

Pion	  Mass

This	  results	  in	  this	  invariant	  mass	  distribu.on:	  the	  neutral	  pion	  invariant	  mass	  of	  .135	  Gev	  is	  indicated	  by	  the	  red	  line.



The	  other	  main	  source	  of	  background	  arises	  
from	  photons	  which	  are	  ar.ficially	  split	  in	  half	  
by	  bad	  BSMD	  strips	  (cartoon	  on	  right,	  where	  
the	  missing	  strip	  is	  bad)	  or	  random	  fluctua.ons	  
(cartoon	  on	  ler).
The	  split-‐photon	  background	  is	  modeled	  by	  
simula.ng	  single	  photons	  in	  the	  detector.
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Figure 3-7: Mixed event simulation of combinatoric background (in green) compared
to data (in black). The “humped” shape of the mixed mass distribution is the conse-
quence of properly rotating the mixed events to mimic the underlying jet study. The
mixed event sample clearly matches the data in the high mass region and between
the π0 and η peaks.

Figure 3-8: Illustrations of artificial cluster splitting in the SMD. Red and green bars
represent energy responses of neighboring SMD strips. Statistical fluctuations and
missing strips can cause erroneous cluster splitting.
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Backgrounds

Some	  pion	  candidates	  will	  be	  formed	  from	  
uncorrelated	  photons.	  	  This	  background	  is	  
modeled	  by	  mixing	  data	  events,	  rotated	  so	  
that	  their	  jet	  axes	  align.
Most	  combinatorial	  background	  candidates	  
have	  photons	  in	  non-‐adjacent	  towers:	  above	  
the	  pT	  cut	  of	  4	  GeV	  such	  candidates	  are	  

rarely	  signal,	  enabling	  us	  to	  remove	  most	  
combinatorial	  background.

Invariant	  Mass	  (GeV/c2)

Combinatorial	  Background Split-‐Photon	  Background
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However,	  there	  two	  backgrounds	  that	  we	  s.ll	  have	  to	  deal	  with.	  	  The	  first	  is	  the	  combinatorial	  background,	  which	  comes	  from	  combining	  
uncorrelated	  photons:	  we	  model	  it	  by	  crea.ng	  pion	  candidates	  from	  photons	  which	  we	  know	  are	  uncorrelated	  because	  they	  come	  from	  different	  
events.	  	  Addi.onally,	  we	  can	  eliminate	  a	  big	  chunk	  of	  this	  background:	  most	  of	  it	  consists	  of	  pion	  candidates	  whose	  decay	  photons	  do	  not	  fall	  into	  
adjacent	  towers,	  and	  above	  our	  pt	  cutoff	  of	  4	  GeV	  such	  candidates	  are	  essen.ally	  never	  signal,	  as	  you	  can	  see	  in	  this	  plot	  where	  a	  pion	  peak	  is	  not	  
visible	  but	  an	  eta	  peak	  is.	  	  The	  other	  background	  is	  a	  detector	  background,	  arising	  from	  clusters	  in	  the	  bsmd	  being	  reconstructed	  as	  two,	  either	  
because	  a	  bsmd	  strip	  had	  problems	  (on	  right)	  or	  the	  energy	  deposited	  in	  a	  bsmd	  strip	  fluctuated	  high	  (on	  ler).	  	  This	  background	  is	  modeled	  by	  
propaga.ng	  photons	  through	  the	  detector	  and	  calcula.ng	  the	  invariant	  mass	  of	  the	  “pions”	  that	  are	  reconstructed.
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Fizng	  the	  Data

	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Data:	  	  	  	  	  	  +
	  Combinatorial	  Background:	  	  	  	  	  	  	  
	  	  	  	  	  Split	  Photon	  Background:
	  	  	  	  	  	  	  	  	  	  	  	  	  Simulated	  Pion	  Peak:
	  	  	  	  	   	   	   	   	   	  	  	  	  	  Fit:

4<pT<6.5 6.5<pT<8

8<pT<10.25 10.25<pT<16 16<pT<21
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Once	  we	  have	  the	  backgrounds	  modeled,	  we	  can	  try	  to	  see	  how	  well	  we	  can	  describe	  the	  data	  in	  terms	  of	  them	  and	  the	  simulated	  pion	  peak	  
(obtained	  from	  full	  pp	  collision	  simula.ons).	  	  We	  split	  the	  data	  into	  five	  pt	  bins,	  then	  allow	  the	  normaliza.ons	  of	  the	  combinatorial	  background,	  
split-‐photon	  background,	  and	  simulated	  signal	  peak	  to	  vary	  independently:	  their	  sum	  is	  the	  fit	  to	  the	  data,	  with	  reasonably	  good	  results,	  though	  
there	  is	  some	  disagreement	  at	  the	  shoulders	  of	  the	  peak.
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Neutral	  
Pion	  Mass

Mass	  
Window

Indicate	  loca.on	  of	  peak	  and	  maybe	  mass	  window



Varying	  Mass	  Windows

Assign	  a	  systema.c	  to	  the	  underlying	  data-‐simula.on	  discrepancy	  by	  examining	  how	  the	  ALL	  

depends	  on	  the	  mass	  window	  we	  choose	  to	  calculate	  it	  in.
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Figure 6-2: The double longitudinal spin asymmetry, ALL vs pT for inclusive π0

production. The error bars are purely statistical. The systematic uncertainty is
represented by the shaded band beneath the points. The measurement is compared
to a number of pQCD predictions for different input value of ∆G. See the text for
further explanation.

Table 6.2: ALL Results

pT Range ALL Stat. Error Syst. Error

[GeV ] (10−2) (10−2) (10−2)
5.2 - 6.75 0.85 1.1 0.13
6.75 - 8.25 0.22 1.38 0.13
8.25 - 10.5 2.85 1.91 0.13
10.5 - 16.0 -0.50 3.13 0.13
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(2006)
STAR	  π0	  (2009	  projected)
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Systematic Errors
pT bin Trigger Bias Mass Window Rel Lumi Trans Component Statistical Errors
4-6.5 .00028 .0069 .0015 .00025 .015
6.5-8 .00059 .0024 .0015 .00025 .01
8-10.25 .00097 .0078 .0015 .00025 .012
10.25-16 .0017 .016 .0015 .00025 .022
16-21 .0068 .021 .0015 .00025 .11

I	  will	  only	  be	  showing	  projected	  sta.s.cal	  errors	  for	  the	  2009	  measurement:	  they’re	  in	  red	  at	  0.	  	  the	  2006	  result	  is	  shown	  in	  black,	  along	  with	  a	  
bunch	  of	  theory	  curves:	  the	  two	  important	  ones	  are	  the	  black	  one,	  which	  is	  the	  best	  global	  fit	  result	  of	  delta	  g,	  and	  the	  red	  one,	  which	  shows	  the	  
a_ll	  predic.on	  for	  maximally	  polarized	  gluons.	  	  This	  grsv	  max	  predic.on	  was	  disfavored	  by	  the	  2006	  result:	  with	  smaller	  errors	  from	  more	  data	  and	  
an	  improved	  algorithm,	  we	  should	  be	  able	  to	  improve	  on	  the	  2006	  result.	  	  Thank	  you.
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II. NLO CORRECTIONS AND PERTURBATIVE STABILITY

The factorization theorem [14] allows one to write the cross section for one-hadron production

in hadronic collisions as

dσpp→h+jetX =
∑

f1,f2,f

∫

dx1 dx2 dz fH1

1 (x1, µ
2
FI) fH2

2 (x2, µ
2
FI)

× dσ̂f1f2→fX′

(x1 p1, x2 p2, ph/z, µFI , µFF , µR) Dh
f (z, µ2

FF ) × S(pi) (1)

where, H1 and H2 are the colliding particles with momentum p1 and p2, respectively, h is the

outgoing hadron with momentum ph and the sum in Eq.(1) runs over all possible initial and final

partonic states. The parton distributions fHi

i are evaluated at the factorization scale µFI , the

fragmentation functions at the scale µFF [23] and the coupling constant, appearing in the pertur-

bative expansion of the partonic cross section, at the renormalization scale µR. The measurement

function S(pi) accounts for possible experimental cuts applied to the cross section, and in this par-

ticular case, for the definition of the jet in terms of the kinematics of the final-state partons. The

analogous of Eq.(1) for polarized cross section is obtained by replacing the parton distributions

and the partonic cross section by its polarized expressions, ∆fHi

i and d∆σ̂f1f2→fX′

, respectively.

As usual, the (longitudinally polarized) asymmetry is defined by the ratio between the polarized

and unpolarized cross sections

Ah
LL =

d∆σ

dσ
. (2)

In order to evaluate the QCD corrections to the process we rely on the version of the subtraction

method introduced and extensively discussed in Refs.[9, 10], and in Ref. [11]. We refer the reader

to those references for the details. The implementation is performed in a MonteCarlo like code,

profiting from the one available for the computation of single-hadron production in Ref.[13]. Since

the calculation in [13] provides the full kinematics for the final-state partons it is possible, after

some modifications, to build the jet kinematics in terms of them and obtain the required cross

section. It is worth noticing that the same code computes both unpolarized and polarized cross

sections, since the formal structure of the corrections is exactly the same.

In this work, we concentrate on the phenomenology of pion production accompanied by a back-

to-back jet for the kinematics of the STAR experiment at RHIC with a center-of-mass energy of
√

S = 200 GeV. Unless otherwise stated, we require the pion transverse momenta to be larger

than 2 GeV and the one for the jet to 10 GeV < pjet
T < 25 GeV. The rapidities of the pion and

the jets are limited to the range |η| < 1. They have to be separated in the azimuthal angle

Kinematics

Textu(x) π(z)

At high x and z, the pion 
preferentially probes the 
valence quark distribution.
Thus ALL goes like ∆q∆g.Jet

13

of course, perfect NLO event is extremely rare, but we can quantify how close we got by measuring the 
fragmentation fraction Z, which is the amount of energy carried by that final state hadron relative to the 
whole 
increased flavor tagging means an enhanced subprocess fraction of qg
because of quark polarization, dq dg bigger than dq^2, gives larger lever arm
so that’s why this analysis is binned in Z as opposed to pt
also, because different charges, two different predictions, w/ du and dd.



1. Trigger Jet

2. Charged Pions
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Courtesy T Sakuma
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1. Trigger Jet

2. Charged Pions

• Triggered by 5.4 GeV 
ET deposited in 1x1
(η,ϕ)

• Jet found by midpoint 
cone with radius of 
0.7

• Jet with pT > 10 
GeV/c

• Charged pions with 
pT > 2 GeV/c on 
other side(∆ϕ>2)

Event Details

The Jet triggers the event by depositing energy in the calorimeter, thereby eliminating trigger bias from 
the pion side



Particle ID

For a given momentum higher than MIP,
 dE/dx corresponds to particle mass.
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Particle ID by dE/dx

Scaled dE/dx sorted by momentum
Constrained 8-Gaussian fit

17

charge separated dE/dx

+-



Background Subtraction

Background fraction and sideband ALL determined

π

p+k

e
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Hard cuts in dE/dx

Jörg Pretz and Jean-Marc Le Goff  “simul det of sig and bg assyms”



PID: Fitting andCutting

• Done with hard cuts and background subtraction.

• Compared to simple fitting.

π

p

e
σπ

Aπ

OR



Jet Unfolding

• “D’Agostini” iteratively generated unfolding 
matrix

• Monte Carlo over probabalistic unfolding 
scenarios.



Projected Statistical Error
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STAR 2006
STAR 2009  (Projected)

STAR Preliminary- Errors Only

4 THE AUTHOR

Systematic Errors
Z PID JES Transverse R3 Stat

π− 0.2-0.3 0.0021 0.0015 0.00025 0.0015 0.0029
0.3-0.45 0.0025 0.0024 0.00025 0.0015 0.0046
0.45-0.65 0.0064 0.0037 0.00025 0.0015 0.0095
0.65-1.0 0.0041 0.0026 0.00025 0.0015 0.024

π+ 0.2-0.3 0.0002 0.0014 0.00025 0.0015 0.0029
0.3-0.45 0.0034 0.0019 0.00025 0.0015 0.0046
0.45-0.65 0.0054 0.0035 0.00025 0.0015 0.009
0.65-1.0 0.0013 0.0057 0.00025 0.0015 0.022

I also will not be showing the actual data points. So here are the error bars shown around zero.
They represent a large improvement over the previous measurement, not yet enough to kill off grsv-std



Backup



Run	  12	  Predic.ons
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Figure 4.7: Projected AL 
sensitivity for a data 
sample of 300 pb-1 and 
70% beam polarization. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: ALL projections for inclusive jet measurements at 500GeV in Run 12 data as 
function of xT. The projections are compared with preliminary 200 GeV results from Run 
9 and with NLO pQCD evaluations based on two commonly used sets of polarized parton 
distributions. 
 
Besides the single beam-spin asymmetry measurements of leptonic W-decay, polarized 

proton-proton running at !s = 500 GeV should allow double beam-spin asymmetry 
measurements in the production of jets aimed at determining gluon polarization in the 
polarized proton. For equal pseudo-rapidity and transverse momentum, such 
measurements are sensitive to smaller gluon fractional momentum fractions (Bjorken-x 
values) than at !s = 200 GeV. The expected values are smaller than at !s = 200 GeV. 
These measurements thus rely crucially on high beam polarizations, comparatively more 
so than on high luminosity, and adequate control of experiment systematic uncertainties. 
Figure 4.8 shows the kinematic range and expected statistical uncertainties for inclusive 
jet ALL measurements at !s = 500 GeV versus xT for a sampled luminosity of 190 pb-1 
with high-ET, hence high xT, triggers.  The projections at low xT are not expected to be 
limited by integrated luminosity and instead take into account anticipated DAQ hours and 
known bandwidth limitations. In both cases, beam polarizations of 50% were assumed.  
The kinematic range and precision of Run 9 preliminary data obtained at !s = 200 GeV 
are shown for comparison, as are NLO pQCD evaluations based on the commonly used 
GRSV-standard and DSSV sets of polarized parton distributions. In the longer term, 
using !s = 500 GeV data from Run 12 and beyond, we aim to perform also sensitive ALL 
measurements in the production of di-jets.  Figure 4.9 illustrates the anticipated 
sensitivity for 390 pb-1 and 50% polarization (a multi-year goal). 
 
 

Figure 4.9: Projected ALL for di-jet production for a large, multi-year, 500 GeV data set 
as function of the di-jet invariant mass M for different pseudo-rapidity regions. 
 

190	  pb^-‐1,	  50%	  pol
Dijet:	  mul.year,	  390	  pb^-‐1,	  50%	  pol


