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Quarks	
   Gluon	
  

Quark	
  &	
  gluon	
  
orbital	
  angular	
  
momentum	
  	
  

•  Sum	
  of	
  quark	
  contribu?ons	
  to	
  the	
  
proton	
  spin	
  is	
  measured	
  to	
  be	
  ~30%	
  	
  

	
  
ΔΣ = (Δu+Δu)+ (Δd+Δd)+ (Δs+Δs )

•  Well	
  known	
  combined	
  quark	
  PDFs	
  via	
  DIS	
  

•  SIDIS	
  sensi?ve	
  to	
  flavor	
  separated	
  quark	
  
and	
  an?-­‐quark	
  PDFs	
  
à	
  limited	
  by	
  the	
  knowledge	
  of	
  fragmenta?on	
  
func?ons	
  and	
  their	
  uncertain?es	
  	
  

Haiwang	
  Yu	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  Measurement	
  

•  Probing	
  light	
  quark	
  sea	
  via	
  
maximally	
  parity	
  viola?ng	
  
W	
  produc?on	
  and	
  its	
  
lepton	
  decay	
  

•  W	
  couples	
  only	
  to	
  le\-­‐
handed	
  quarks	
  and	
  right-­‐
handed	
  an?-­‐quarks	
  

•  W+/W-­‐	
  dis?nguishes	
  
between	
  quarks	
  and	
  an?-­‐
quarks	
  

•  No	
  fragmenta?on	
  needed	
  
•  High	
  Q2	
  set	
  by	
  W	
  mass	
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Experimental Observable – 𝑨𝑳
� Collide polarized and unpolarized 

protons – interactions mediated by 
P.D.F.s

� 𝑞,  𝑞 interaction creates real W. 
Maximal parity violating interaction
� 𝑢𝐿  𝑑𝑅 → 𝑊+

� 𝑑𝐿  𝑢𝑅 → 𝑊−

� Count helicity combinations of decay 
leptons

� Calculate 𝐴𝐿, use knowledge of 
‘valence quark’ polarization to 
access to sea-quark polarized 
parton distribution functions.
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  Measurement	
  
•  Longitudinal	
  single	
  spin	
  
asymmetry	
  direct	
  access	
  to	
  
quark	
  helicity	
  PDFs	
  

4	
  

AL ≡
σ + −σ −

σ + +σ −

26 Bunce et al

Figure 12: Production of a W+ in a p⃗p collision, at lowest order. (a) ∆u is probed in
the polarized proton. (b) ∆d̄ is probed.

in bunches, alternately right- (+) and left- (−) handed. The parity-violating
asymmetry is the difference of left-handed and right-handed production of W s,
divided by the sum and normalized by the beam polarization:

AW
L =

1

P
×

N−(W ) − N+(W )

N−(W ) + N+(W )
. (16)

As Figure 4 shows, we can construct this asymmetry from either polarized beam,
and by summing over the helicity states of the other beam. The production of
the left-handed weak bosons violates parity maximally. Therefore, if for example
the production of the W+ proceeded only through the diagram in Figure 12a,
the parity-violating asymmetry would directly equal the longitudinal polarization
asymmetry of the u quark in the proton:

AW+

L =
u−
−(x1)d̄(x2) − u−

+(x1)d̄(x2)

u−
−(x1)d̄(x2) + u−

+(x1)d̄(x2)
=

∆u(x1)

u(x1)
. (17)

Similarly, for Figure 12b alone,

AW+

L =
d̄+
−(x1)u(x2) − d̄+

+(x1)u(x2)

d̄+
−(x1)u(x2) − d̄+

+(x1)u(x2)
= −

∆d̄(x1)

d̄(x1)
. (18)

AL
W+

=
Δd(x1)u(x2 )−Δu(x1)d(x2 )
d(x1)u(x2 )+ u(x1)d(x2 )
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AL
W+

=
Δd(x1)u(x2 )−Δu(x1)d(x2 )
d(x1)u(x2 )+ u(x1)d(x2 )

AL
W−

=
Δu(x1)d(x2 )−Δd(x1)u(x2 )
u(x1)d(x2 )+d(x1)u(x2 )

•  Combined	
  with	
  weak	
  decay	
  
kinema?cs	
  
-­‐  quark	
  flavor	
  mixed	
  at	
  mid-­‐rapidity	
  
-­‐  sensi?ve	
  to	
  an?-­‐quark	
  polariza?on	
  
at	
  forward/backward	
  rapidity	
  
measurement	
  

AL
W−→ℓ− ≈

Δu(x1)d(x2 )(1− cosθ )
2 −Δd(x1)u(x2 )(1+ cosθ )

2

u(x1)d(x2 )(1− cosθ )
2 +d(x1)u(x2 )(1+ cosθ )

2

AL
W+→ℓ+ ≈

Δd(x1)u(x2 )(1+ cosθ )
2 −Δu(x1)d(x2 )(1− cosθ )

2

d(x1)u(x2 )(1+ cosθ )
2 + u(x1)d(x2 )(1− cosθ )

2

AL ≡
σ + −σ −

σ + +σ −

AL
W→ℓ



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Kinema?cs	
  

•  Different	
  kinema?cs	
  at	
  mid-­‐rapidity	
  and	
  forward	
  rapidity	
  
•  Jacobian	
  peak	
  at	
  mid-­‐rapidity	
  	
  
•  Suppressed/no	
  Jacobian	
  peak	
  at	
  forward	
  rapididty	
  
•  Access	
  via	
  two	
  decay	
  channels:	
  electrons	
  at	
  mid-­‐rapidity	
  and	
  muons	
  at	
  

forward	
  rapidity	
  	
  
•  Different	
  analyses	
  to	
  iden?fy	
  W	
  signals	
  in	
  mid-­‐	
  and	
  forward	
  rapidi?es	
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W+	
  

W-­‐	
  

W+	
  

W-­‐	
  

W± → ℓ±

MC	
   MC	
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Polarized	
  Proton	
  Data	
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•  First	
  mid-­‐rapidity	
  AL	
  
measurement	
  at	
  500	
  GeV	
  in	
  2009	
  

•  Followed	
  by	
  over	
  300	
  pb-­‐1	
  data	
  
taken	
  with	
  higher	
  beam	
  
polariza?on	
  (2011-­‐2013)	
  

•  2011-­‐2013	
  mid-­‐rapidity	
  results	
  
published	
  this	
  year!	
  

•  Forward	
  rapidity	
  preliminary	
  
results	
  
à	
  Results	
  being	
  finalized	
  



PHENIX	
  Central	
  Arm	
  Detector	
  

•  W±	
  à	
  e±	
  +	
  νe	
  channel	
  	
  
•  Two	
  arm	
  detector	
  	
  

–  Δφ	
  =	
  (π/2)×2	
  
–  |η|	
  <	
  0.35	
  

•  High	
  energy	
  electron	
  trigger	
  
by	
  Electromagne?c	
  
Calorimeter	
  (PbSc,	
  PbGl)	
  

•  Dri\	
  chamber	
  (DC)	
  and	
  Pad	
  
chamber	
  (PC)	
  for	
  tracking	
  
and	
  charge	
  separa?on	
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PHENIX	
  Forward	
  Arm	
  Detector	
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µ

•  W±	
  à	
  µ±	
  +	
  νµ	
  channel	
  	
  
•  Two	
  arm	
  detector	
  

-­‐  1.2	
  <	
  |η|	
  <	
  2.4	
  
-­‐  Full	
  azimuthal	
  coverage	
  

•  Fully	
  upgraded	
  in	
  2012	
  
-­‐	
  high	
  pT	
  trigger,	
  Resisitve	
  Plate	
  Chambers	
  
(RPC),	
  Forward	
  Silicon	
  Trackers	
  (FVTX)	
  

•  Muon	
  tracking	
  chamber	
  (MuTr)	
  
•  Muon	
  Iden?fier	
  (MuID)	
  
•  High-­‐pT	
  trigger:	
  	
  
	
  	
  	
  	
  	
  	
  	
  small	
  bending	
  in	
  magne?c	
  field	
  	
  

	
  +	
  ?ming	
  (BBC/	
  RPC)	
  
•  	
  RPCs,	
  FVTX:	
  Addi?onal	
  BG	
  rejec?on	
  



PHENIX	
  Forward	
  Arm	
  Detector	
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µ

•  W±	
  à	
  µ±	
  +	
  νµ	
  channel	
  	
  
•  Two	
  arm	
  detector	
  

-­‐  1.2	
  <	
  |η|	
  <	
  2.4	
  
-­‐  Full	
  azimuthal	
  coverage	
  

•  Fully	
  upgraded	
  in	
  2012	
  
-­‐	
  high	
  pT	
  trigger,	
  Resisitve	
  Plate	
  Chambers	
  
(RPC),	
  Forward	
  Silicon	
  Trackers	
  (FVTX)	
  

•  Muon	
  tracking	
  chamber	
  (MuTr)	
  
•  Muon	
  Iden?fier	
  (MuID)	
  
•  High-­‐pT	
  trigger:	
  	
  
	
  	
  	
  	
  	
  	
  	
  small	
  bending	
  in	
  magne?c	
  field	
  

	
  +	
  ?ming	
  (BBC/	
  RPC)	
  
•  	
  RPCs,	
  FVTX:	
  Addi?onal	
  BG	
  rejec?on	
  



PHENIX	
  Forward	
  Arm	
  Detector	
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µ

•  W±	
  à	
  µ±	
  +	
  νµ	
  channel	
  	
  
•  Two	
  arm	
  detector	
  

-­‐  1.2	
  <	
  |η|	
  <	
  2.4	
  
-­‐  Full	
  azimuthal	
  coverage	
  

•  Fully	
  upgraded	
  in	
  2012	
  
-­‐	
  high	
  pT	
  trigger,	
  Resisitve	
  Plate	
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(RPC),	
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  Silicon	
  Trackers	
  (FVTX)	
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  tracking	
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  (MuTr)	
  
•  Muon	
  Iden?fier	
  (MuID)	
  
•  High-­‐pT	
  trigger:	
  	
  
	
  	
  	
  	
  	
  	
  	
  small	
  bending	
  in	
  magne?c	
  field	
  

	
  +	
  ?ming	
  (BBC/	
  RPC)	
  
•  	
  RPCs,	
  FVTX:	
  Addi?onal	
  BG	
  rejec?on	
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  Forward	
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µ

•  W±	
  à	
  µ±	
  +	
  νµ	
  channel	
  	
  
•  Two	
  arm	
  detector	
  

-­‐  1.2	
  <	
  |η|	
  <	
  2.4	
  
-­‐  Full	
  azimuthal	
  coverage	
  

•  Fully	
  upgraded	
  in	
  2012	
  
-­‐	
  high	
  pT	
  trigger,	
  Resisitve	
  Plate	
  Chambers	
  
(RPC),	
  Forward	
  Silicon	
  Trackers	
  (FVTX)	
  

•  Muon	
  tracking	
  chamber	
  (MuTr)	
  
•  Muon	
  Iden?fier	
  (MuID)	
  
•  High-­‐pT	
  trigger:	
  	
  
	
  	
  	
  	
  	
  	
  	
  small	
  bending	
  in	
  magne?c	
  filed	
  	
  

	
  +	
  ?ming	
  (BBC/	
  RPC)	
  
•  	
  RPCs,	
  FVTX:	
  Addi?onal	
  BG	
  rejec?on	
  



PHENIX	
  Forward	
  Arm	
  Detector	
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µ

•  W±	
  à	
  µ±	
  +	
  νµ	
  channel	
  	
  
•  Two	
  arm	
  detector	
  

-­‐  1.2	
  <	
  |η|	
  <	
  2.4	
  
-­‐  Full	
  azimuthal	
  coverage	
  

•  Fully	
  upgraded	
  in	
  2012	
  
-­‐	
  high	
  pT	
  trigger,	
  Resisitve	
  Plate	
  Chambers	
  
(RPC),	
  Forward	
  Silicon	
  Trackers	
  (FVTX)	
  

•  Muon	
  tracking	
  chamber	
  (MuTr)	
  
•  Muon	
  Iden?fier	
  (MuID)	
  
•  High-­‐pT	
  trigger:	
  	
  
	
  	
  	
  	
  	
  	
  	
  small	
  bending	
  in	
  magne?c	
  filed	
  	
  

	
  +	
  ?ming	
  (BBC/	
  RPC)	
  
•  	
  RPCs,	
  FVTX:	
  Addi?onal	
  BG	
  rejec?on	
  



Mid-­‐rapidity	
  Measurement	
  
•  Jacobian	
  peak	
  at	
  pT	
  ~	
  MW/2	
  
•  Backgrounds	
  (BG):	
  

Reducible:	
  
-­‐	
  Photons	
  from	
  neutral	
  pion/eta	
  
decays	
  followed	
  by	
  e±	
  pair	
  
produc?on	
  
-­‐	
  Cosmic	
  rays	
  
-­‐	
  Beam	
  related	
  backgrounds	
  
Irreducible:	
  
-­‐	
  Z,	
  charm	
  and	
  boyom,	
  other	
  W	
  
decay	
  
	
  

Sep.	
  27,	
  2016	
   S.	
  Park	
   15	
  

Background Processes 
Irreducible background:- 

o 𝑍 → 𝑒+ + 𝑒− (part of signal) 

o Heavy quark decay: 𝑐, 𝑏 → 𝑒± + 𝑋 

o 𝑊 → 𝜏 + ν𝜏 → 𝑒 ν𝑒 ν𝜏 ν𝜏  
 

Reducible background:- 
o Charged hadrons 

o 𝜋0 → 𝛾 → 𝑒+𝑒−  before DC  

− VTX increases photon 

conversions  

             (thickness ~14% 𝑋0) 

o Cosmic background 

o Accidental track match 

 

 

 

 
 

 

Nerangika Bandara (UMass) 9 

MC	
  



Mid-­‐rapidity	
  Measurement	
  
•  Jacobian	
  peak	
  at	
  pT	
  ~	
  MW/2	
  
•  Reduce	
  background	
  and	
  es?mate	
  

contribu?on	
  between	
  30	
  and	
  50	
  GeV/c	
  	
  

•  Measure	
  high	
  pT	
  electrons	
  using	
  EMCal	
  
•  DC-­‐EMCal	
  matching	
  (Δφ<0.01	
  rad)	
  
•  Rela?ve	
  isola?on	
  cut	
  -­‐	
  Main	
  BG	
  

discriminator	
  	
  
–  Energy	
  in	
  a	
  cone	
  of	
  R=0.4	
  devided	
  

by	
  energy	
  of	
  the	
  candidate	
  
–  Reduces	
  background	
  by	
  a	
  factor	
  of	
  

10	
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γs	
  

Charged	
  par?cles	
  

R=0.4	
  



Gaussian	
  Process	
  Regression	
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•  Use	
  background	
  control	
  region	
  to	
  extrapolate	
  a	
  shape	
  in	
  
the	
  signal	
  region	
  (30	
  to	
  50	
  GeV/c)	
  

•  The	
  GPR	
  gives	
  a	
  background	
  contribu?on	
  and	
  uncertainty	
  
•  Cross	
  check	
  with	
  a	
  classical	
  func?onal	
  form	
  (modified	
  

power	
  law)	
  showed	
  good	
  agreement	
  



Mid-­‐rapidity	
  Measurement	
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•  Fizng	
  with	
  simulated	
  Jacobian	
  peak	
  and	
  GPR	
  background	
  shape	
  produced	
  
good	
  agreement	
  with	
  data	
  

•  Es?mate	
  the	
  signal-­‐to-­‐background	
  ra?o	
  in	
  the	
  signal	
  region	
  (30-­‐50	
  GeV/c)	
  
•  97%	
  (94%)	
  of	
  signal	
  remains	
  for	
  e+	
  (e-­‐)	
  



Mid-­‐rapidity	
  Measurement	
  

•  2011-­‐2013	
  combined	
  
results	
  published!	
  

•  27	
  ?mes	
  more	
  sta?s?cs	
  
compared	
  to	
  the	
  previous	
  
published	
  result	
  

	
  
•  Our	
  data	
  is	
  consistent	
  with	
  

the	
  STAR	
  data	
  and	
  
compares	
  well	
  with	
  the	
  
theore?cal	
  calcula?on	
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  051103(R)	
  

6

final result is a weighted average of asymmetries from
two beams. A likelihood method was also used in order
to deal with the lower statistics, particularly in the 2011
and 2012 data sets.

The two rings at RHIC with counter-propagating
beams are designated yellow (y,Y) and blue (b,B). The
number of expected counts µyb for the data sample can
be expressed as:

µyb = RybN (1+b·ALPB+y·ALPY +b·y·ALLPBPY ) (2)

where Ryb is the relative luminosity between the colliding
beam helicity configurations, y (b) denotes the helicity of
the two colliding beams and takes the value of +1 (�1)
for positive (negative) helicity, the parameter N is an
average count, PB and PY are the polarizations of the
two beams, ALL is the double spin asymmetry. The spin
asymmetries were calculated by maximizing a likelihood
function defined using Poisson statistics as:

L =
Y

y=±1,b=±1

P (µyb, Nyb) , (3)

where Nyb is the spin sorted yield. To calculate the 2013
positive and negative ⌘ bin asymmetries a generalized
form for these equations was used.

e
η

-0.4 -0.2 0 0.2 0.4

L
A

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

|<0.35eηRun 2012 (510 GeV) |
PHENIX Run 2011 (500 GeV) + 

|<0.35eη|
PHENIX Run 2013 p+p 510 GeV

0+Z+a) W

 > 30 GeV/cT
ep

(3.5% polarization scale uncert. not shown)

e
η

-0.4 -0.2 0 0.2 0.4

  L
A

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

CHE NLO calculations

DSSV 14

NNPDFpol1.1

0+Z-b) W

FIG. 2. (color online). Asymmetry results from the com-
bined 2011 and 2012 data sets for |⌘| < 0.35 (black circles)
and the 2013 data (red squares) separated into two equal ⌘
bins between -0.35 and 0.35. The green line and shaded re-
gion shows a theoretical calculation using CHE [15] with the
NNPDFpol1.1 PDF sets [8], while the dashed magenta line
shows the DSSV14 calculation [27].

Table II summarizes the AL results. Both of the asym-
metry calculation methods employed gave consistent re-
sults for all the data sets. The systematic uncertainties
were obtained by propagating the systematic uncertain-
ties of the dilution factors to the final asymmetry values.

The asymmetry in the background region was also mea-
sured and for all cases the asymmetry was consistent with
zero, within uncertainties.

TABLE II. Longitudinal single-spin asymmetries, AL, for
the 2011 and 2012 data sets (combined) spanning the entire ⌘
range of PHENIX (|⌘| < 0.35), for the 2013 data set separated
into two ⌘ bins, and for the combined 2011-2013 data sets.

Lepton Data Set h⌘i AL

e+ 2011+2012 0 -0.27 ± 0.10 (stat) ± 0.01 (syst)

2013 ⌘ > 0 0.17 -0.38 ± 0.07 (stat) ±0.01 (syst)

2013 ⌘ < 0 -0.17 -0.35 ± 0.07 (stat) ±0.01 (syst)

2011–2013 all 0 -0.35 ± 0.04 (stat) ±0.01 (syst)

e� 2011+2012 0 0.28 ± 0.16 (stat) ± 0.02 (syst)

2013 ⌘ > 0 0.17 0.10 ± 0.13 (stat) +0.02
�0.01 (syst)

2013 ⌘ < 0 -0.17 0.17 ± 0.12 (stat) +0.03
�0.01 (syst)

2011–2013 all 0 0.17 ± 0.08 (stat) ±0.02 (syst)

These results are shown in Fig. 2 with two theoretical
calculations: (CHE) [15] for the NNPDFpol1.1 [8] and a
recent calculation [27] using the DSSV 14 PDF sets [28].
While the DSSV 14 curve was obtained from a global
fit of DIS and SIDIS data (including recent COMPASS
results [9, 10]), the NNPDFpol1.1 uncertainty band con-
tains the 2012 STAR [20] result for flavor separation in
addition to DIS data. The theoretical asymmetry calcu-
lations agree with the data within 1.5 � uncertainty of
the data points. These results will be used to further
constrain the quark and anti-quark polarized parton dis-
tributions functions at an intermediate Bjorken x value
of roughly MW /

p
s = 0.16.
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FIG. 3. (color online). Asymmetry results from the combined
2011–2013 data sets from PHENIX [red] circles and the STAR
2012 [20] W results [blue] stars and their respective DSSV 14
theoretical predictions.
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final result is a weighted average of asymmetries from
two beams. A likelihood method was also used in order
to deal with the lower statistics, particularly in the 2011
and 2012 data sets.

The two rings at RHIC with counter-propagating
beams are designated yellow (y,Y) and blue (b,B). The
number of expected counts µyb for the data sample can
be expressed as:

µyb = RybN (1+b·ALPB+y·ALPY +b·y·ALLPBPY ) (2)

where Ryb is the relative luminosity between the colliding
beam helicity configurations, y (b) denotes the helicity of
the two colliding beams and takes the value of +1 (�1)
for positive (negative) helicity, the parameter N is an
average count, PB and PY are the polarizations of the
two beams, ALL is the double spin asymmetry. The spin
asymmetries were calculated by maximizing a likelihood
function defined using Poisson statistics as:

L =
Y

y=±1,b=±1

P (µyb, Nyb) , (3)

where Nyb is the spin sorted yield. To calculate the 2013
positive and negative ⌘ bin asymmetries a generalized
form for these equations was used.
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FIG. 2. (color online). Asymmetry results from the com-
bined 2011 and 2012 data sets for |⌘| < 0.35 (black circles)
and the 2013 data (red squares) separated into two equal ⌘
bins between -0.35 and 0.35. The green line and shaded re-
gion shows a theoretical calculation using CHE [15] with the
NNPDFpol1.1 PDF sets [8], while the dashed magenta line
shows the DSSV14 calculation [27].

Table II summarizes the AL results. Both of the asym-
metry calculation methods employed gave consistent re-
sults for all the data sets. The systematic uncertainties
were obtained by propagating the systematic uncertain-
ties of the dilution factors to the final asymmetry values.

The asymmetry in the background region was also mea-
sured and for all cases the asymmetry was consistent with
zero, within uncertainties.

TABLE II. Longitudinal single-spin asymmetries, AL, for
the 2011 and 2012 data sets (combined) spanning the entire ⌘
range of PHENIX (|⌘| < 0.35), for the 2013 data set separated
into two ⌘ bins, and for the combined 2011-2013 data sets.

Lepton Data Set h⌘i AL

e+ 2011+2012 0 -0.27 ± 0.10 (stat) ± 0.01 (syst)

2013 ⌘ > 0 0.17 -0.38 ± 0.07 (stat) ±0.01 (syst)

2013 ⌘ < 0 -0.17 -0.35 ± 0.07 (stat) ±0.01 (syst)

2011–2013 all 0 -0.35 ± 0.04 (stat) ±0.01 (syst)

e� 2011+2012 0 0.28 ± 0.16 (stat) ± 0.02 (syst)

2013 ⌘ > 0 0.17 0.10 ± 0.13 (stat) +0.02
�0.01 (syst)

2013 ⌘ < 0 -0.17 0.17 ± 0.12 (stat) +0.03
�0.01 (syst)

2011–2013 all 0 0.17 ± 0.08 (stat) ±0.02 (syst)

These results are shown in Fig. 2 with two theoretical
calculations: (CHE) [15] for the NNPDFpol1.1 [8] and a
recent calculation [27] using the DSSV 14 PDF sets [28].
While the DSSV 14 curve was obtained from a global
fit of DIS and SIDIS data (including recent COMPASS
results [9, 10]), the NNPDFpol1.1 uncertainty band con-
tains the 2012 STAR [20] result for flavor separation in
addition to DIS data. The theoretical asymmetry calcu-
lations agree with the data within 1.5 � uncertainty of
the data points. These results will be used to further
constrain the quark and anti-quark polarized parton dis-
tributions functions at an intermediate Bjorken x value
of roughly MW /

p
s = 0.16.
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2011–2013 data sets from PHENIX [red] circles and the STAR
2012 [20] W results [blue] stars and their respective DSSV 14
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Figure 1.5: Stacked yields for negativemuon candidates as a function of the kinematic
variables without wness cut for the separate subprocesses created with Pythia + PISA using
reference run 393888 as well as hadronic background as described in the text. The yields are
also displayed for the data including all contributing muon triggers. The distributions are
obtained using the reconstructed transverse momentum range from 5<pT<60 GeV/c..
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Summary	
  
•  PHENIX	
  W	
  measurement	
  provides	
  clean	
  access	
  to	
  
light	
  sea	
  quark	
  PDFs	
  and	
  naturally	
  dis?nguishes	
  
between	
  quarks	
  and	
  an?-­‐quarks.	
  

•  W	
  cross	
  sec?on,	
  single	
  spin	
  asymmetry	
  AL	
  are	
  
measured	
  using	
  all	
  available	
  data	
  collected	
  at	
  
PHENIX.	
  

•  PHENIX	
  W	
  results	
  will	
  be	
  an	
  important	
  constraint	
  
on	
  the	
  extrac?on	
  of	
  light	
  sea	
  quark	
  PDFs.	
  

•  2011-­‐2013	
  combined	
  mid-­‐rapidity	
  results	
  have	
  
been	
  published	
  (Phys.	
  Rev.	
  D	
  93,	
  051103(R)).	
  

•  Forward	
  rapidity	
  analysis	
  is	
  being	
  finalized.	
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•  Trigger	
  efficiency	
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  rapidity	
  dependence	
  trigger	
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  Uncertainty	
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  the	
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  for	
  the	
  
final	
  result	
  

•  Momentum	
  smearing	
  
	
  à	
  Conserva?ve	
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assigned	
  for	
  the	
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  with	
  cosmic	
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  result.	
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TABLE I: Comparison of measured cross sections for electrons
and positrons with 30 < pT < 50 GeV/c fromW and Z decays
with NLO [12] and NNLO [20] calculations. The first error is
statistical; the second error is systematic from the uncertainty
in the background; the third error is a 15% normalization
uncertainty due to the luminosity (10%), multiple collision
(5%), and acceptance and e�ciency uncertainties (10%).

d�
dy (30<p

e
T <50GeV/c)|y=0 [pb]

Lepton Data NLO NNLO

e

+ 50.2± 7.2+1.2
�3.6 ± 15% 43.2 46.8

e

� 9.7± 3.7+2.1
�2.5 ± 15% 11.3 13.5

e

+ and e

� 59.9± 8.1+3.1
�6.0 ± 15% 54.5 60.3

and |��| < ⇡ is estimated to be ⇠11% of positrons
from W

+ and ⇠7.5% of electrons from W

� from these
calculations. The variation of the calculation is small
compared to other sources of systematic uncertainty.
With these corrections, �(pp ! W

+
X) ⇥ BR(W+ !

e

+
⌫e) = 144.1 ± 21.2(stat)+3.4

�10.3(syst) ± 15%(norm) pb,
and �(pp ! W

�
X) ⇥ BR(W� ! e

�
⌫̄e) = 31.7 ±

12.1(stat)+10.1
�8.2 (syst) ± 15%(norm) pb, where BR is the

branching ratio. These are shown in Fig. 3 and compared
to published Tevatron and Spp̄S data.

In order to determine the longitudinal spin asymmetry
with a sample ofW decays with minimal background con-
tamination, two additional requirements were imposed on
the candidate events. An isolation cut requiring the sum
of cluster energies in the calorimeter and transverse mo-
menta measured in the drift chamber be less than 2 GeV
in a cone with a radius in ⌘ and � of 0.5 around the candi-
date track was used to remove remaining events with jets.
About 80% of the signal is kept, while the background
is reduced by a factor ⇠ 4 as shown in Fig. 1. The sec-
ond cut is to reject tracks with |↵|<1 mr, which reduces
charge misidentification to negligible levels. There are
42 candidate W

+ + Z

0 decays to positrons with a back-
ground of 1.7 ± 1.0 and 13 candidate W

� + Z

0 decays
to electrons with a background of 1.6± 1.0 events within
30<pT <50 GeV/c after these two additional cuts.

The measured asymmetry is given by

✏L =
N

+ �R ·N�

N

+ +R ·N� (1)

whereN+ is the number of events from a beam of positive
helicity and N

� is the number of events from a beam of
negative helicity, and R is the ratio of the luminosity
for the positive and the negative helicity beams. The
longitudinal spin asymmetry is then calculated from the
measured asymmetry according to

AL =
✏L ·D
P

(2)

where P is the beam polarization and D is a dilution
correction to account for the remaining background in
the signal region.

FIG. 3: (color online) Inclusive cross sections for W leptonic
decay channel of this measurement and p̄pmeasurements [23–
26]. Statistical and systematic uncertainties were added here
in quadrature. Curves represent theory calculations.

The luminosity-weighted polarization was 0.38 ± 0.03
and 0.40± 0.04 in the two beams. In RHIC, both beams
are bunched, and the bunch helicity alternates almost
every crossing to reduce systematic e↵ects. The relative
luminosities of the four helicity combinations were mea-
sured by the beam-beam counters, and were all within 1%
of each other. To treat the low statistics data properly,
a likelihood function created from the four spin sorted
yields corrected by the relative luminosity was used to
determine the single-spin asymmetry within its physical
range [-1,1].
The measured asymmetries are shown in Table II for

tracks in the background (12 < pT < 20 GeV/c) and
signal (30 < pT < 50 GeV/c) regions. For tracks in
the background region, ✏L was found to be zero within
uncertainties. Significant asymmetries were observed for
tracks in the signal region. The dilution corrections of
1.04 ± 0.03 and 1.14 ± 0.10 for positive and negative
charges, respectively, were applied.
Figure 4 compares measured longitudinal single-spin

asymmetries to estimates based on a sample of polar-
ized PDFs extracted from fits of DIS and semi-inclusive
DIS data. The experimental results are consistent with
the theoretical calculations at 6-15% confidence level for
A

e+

L and at 20-37% for A

e�

L . The observed asymme-
tries are sensitive to the polarized quark densities at
x ⇠ MW /

p
s ' 0.16, and directly demonstrate the parity

violating coupling between W bosons and light quarks.
In summary, we presented first measurements of pro-

duction cross section and nonzero parity violating asym-
metry in W and Z production in polarized p+p collisions
at

p
s = 500 GeV. The results are found to be consistent

with theoretical expectations and similar measurements
of A

e±

L [14]. RHIC luminosity and PHENIX detector



x1,	
  x2	
  

Sep.	
  27,	
  2016	
   S.	
  Park	
   32	
  

Proton sea polarization measurement Introduction

Figure 2: Left plots: x1 and x2 distributions stacked by quark flavor for W� decay leptons in
central(top) and forward (bottom) rapidities. Right plots: same for W+ decays.

backward rapidities with respect to the polarized proton beam, i.e. varying x1 and x2, it
is possible to focus selectively onto the quark or antiquark distribution, thus accessing
each light-quark polarization separately: in the forward W rapidities (x1 >> x2) the
asymmetries will be more sensitive to the quark helicities, while in the backward rapidities
(x2 >> x1) we will be focusing on the antiquark helicities. In reality, however, PHENIX
does not have the acceptance to fully reconstruct Ws and has to restrict itself to find W
decay muons. As again in the W decay the parity violation is active, the W decay charged
lepton distributions are further biased towards either forward or backward regions with
respect to the W direction depending on the charge of the W. For W� decays, the forward
valence, backward sea separation is further enhanced, while for for W+ decays both
valence and sea contributions are mixed at essentially all rapidities. The sensitivity to
various quark flavors at either central or forward rapidities can be seen in figure 2.

Figure 3 shows the effect of the full 2011 - 2013 RHIC W measurements on the extracted
antiquark helicity uncertainties [9] including all published SIDIS data to date as detailed
in the RHIC spin 2013 whitepaper [4].

The extraction of W decay muon candidates is in principle very simple at mid-repidity
where the Jacobian peak at about half the W mass makes it easy to identify W decays. At
forward rapidities the extraction is limited by the large background to the single muon data
sample collected in the forward PHENIX arms. As will be discussed later (see Section 1.2),
even though the background processes are supposed to decrease quickly with the muon

iv
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  Extrac?on	
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  right)	
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Simulations and Analysis Variables Types of background

• DDG0<9 degrees.

• single muon candiate in event.

In this W analysis one is interested in removing most lower momentum particles which
originate predominantly from background processes while keeping most of the W decay
muons. With the above cuts, we aim to reduce part of the fake muons background assuring
a good muon track reconstruction (DG0,DDG0 and �2 cuts) and selecting tracks with
momentum smaller than the maximum possible physical energy. After applying these
basic cuts, the background will be further reduced via a likelihood method, described in
chapter 1.2, where background and signal features will be studied in detailed.

The correlations between the several cut variables are shown in Fig. 1.1 for data and for
the W-signal simulation. One generally sees some correlation within the different groups,
especially for the signal, while the correlation between groups is mostly small. The only
exception is the correlation between the vertex extrapolated variables DCA z and DCA r
and the FVTX related matching variables. This is not entirely unexpected as both should
be sensitive to the amount of multiple scattering in the central magnet yoke and initial
shielding.

Figure 1.1: Correlation coefficients between various kinematic variables used in the analysis.
The left panel shows the MC simulated signal while the other panel show the data.

1.2 Types of background

The W decay muon candidates which were selected as mentioned in Section 1.1 are affected
by a number of background processes that can be summarized into two main sources:

3
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PISA (used the latest PISA version with run11 geometry including RPC3 from Richard
Hollis) and then run PISA output through the analysis code used in the cosmic data
analysis to extract two arms tracks and pT smearing.

Figures 10 and 11 show σ∆pT
for positive and negative muons, respectively, from

data and simulations. These two figures show good agreement between data and
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Figure 10: µ+ σ∆pT
as a function of outgoing track pT from data (empty blue circles) and

simulation (full red circles).

simulation for both positive and negative charges and the momentum smearing (σ∆pT
)

ranges from 0.5 GeV/c at pT = 1 GeV/c and up to 10-12 GeV/c at pT = 40 GeV/c.
However, the data runs out of statistics before 20 GeV/c and can’t do reliable fit of
∆pT distribution. The agreement between data and simulation in this study also shows
that the current simulation represents the data very well and thus validate using these
simulations to study backgrounds and other effects. That is very important conclusion
since we rely heavily on the simulation to study several other sources of background.

5 Charge Reconstruction Efficiency

The two arms cosmic tracks are also used to determine the charge reconstruction effi-
ciency, the ability to distinguish positive and negative charges up to very high pT , 40
GeV/c. The strategy is to look at the tracks that enters from the back of one arm and
calculate the probability that they are reconstructed with same sign in the other arm.
The cosmic muons that pass through both muon arms are used and the reconstruction
efficiency for each charge sign is defined as the ratio of outgoing reconstructed tracks
to the number of incoming reconstructed tracks with same charge sign as a function
pT . Assuming that the rate of the outgoing tracks that have different charge sign from

12
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Figure 11: µ− σ∆pT
as a function of outgoing track pT from data (empty blue circles) and

simulation (full red circles).

incoming tracks is an inefficiency in charge reconstruction. The cosmic data results
are also compared to charge reconstruction efficiencies obtained from the simulation
described in the previous section.

Figures 12 and 13 show the charge reconstruction efficiency from cosmic data com-
pared with those from simulation for negative and positive charges, respectively.

The reconstruction efficiency is consistent between cosmic data and simulation for
the negative charge and above 90% up to 40 GeV/c, while it is inconsistent for positive
charge and for cosmic data it drops to below 80% at 40 GeV/c. To understand the
source of the positive efficiency loss, several possible sources were investigated especilly
those help isolate the two arms tracks like the vertex, η, and φ difference between
entreing and outgoing tracks.

Figures 14, 15 and 16 show the charge reconstruction efficiency versus ∆η, ∆φ,
and ∆z, respectively, for positive and negative charges. The reconstruction efficiency
is consistently lower across each of the variables and other studies also failed to identify
the source of the efficiency loss. A possible source of the difference could be Lorentz
angle and further studies are needed.
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Muon	
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  Es?ma?on	
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PHENIX	
  Detector	
  System	
  (in	
  the	
  past) 

MuID MuID 

MuTR MuTR 

MuID 

•  Data	
  acquisiMon	
  system	
  limit	
  (<	
  2	
  KHz)	
  
•  Low	
  momentum	
  threshold	
  of	
  MuID	
  (~2	
  GeV)	
   

	
  -­‐	
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  ~9	
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W	
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Trigger	
  Upgrade	
  
RP	
  ~	
  45	
  

PHENIX	
  Band	
  Width	
  for	
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RPtot	
  ~	
  4500	
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Introduc?on	
  of	
  New	
  W	
  Trigger	
  in	
  2012	
  
•  RPC	
  (ResisMve	
  Plate	
  Chamber)	
  

-­‐	
  RPC	
  has	
  good	
  ?ming	
  resolu?on	
  (<	
  3ns).	
  
	
  à	
  align	
  events	
  with	
  correct	
  beam	
  
	
  crossing.	
  

-­‐  Beyer	
  online	
  tracking	
  than	
  MuID	
  
-­‐  Provides	
  addi?onal	
  hit	
  informa?on.	
  
-­‐  Background	
  rejec?on	
  in	
  offline	
  analysis	
  

MuTr	
  

à	
  New	
  W	
  Trigger	
  gives	
  higher	
  rejecMon	
  power	
  

2012	
  

BBC	
  

Acceptance	
  Window	
  

Acceptance	
  Window	
  

2011	
  

SG1	
  

2011:	
  SG1xMUIDxBBC	
  trigger	
  
2012:	
  SG1xRPC3xBBC	
  trigger	
  (main)	
  

	
  	
  	
  SG1xMUIDxBBC	
  trigger	
  (backup)	
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