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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion

1
2
�⇥

�G

Lq

Lg

D. De Florian et al., PRL101, 072001 (2008)
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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion

D. De Florian et al., PRL101, 072001 (2008)

precise (quark + antiquark) PDFs 
extracted mostly from Deep 
Inelastic Scattering experiments

in DIS, flavor separation is bound to 
the knowledge of fragmentation 
functions

leading to larger uncertainties
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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion

D. De Florian et al., PRL101, 072001 (2008)

There is an alternative!

W production in proton-proton collision!
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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion

D. De Florian et al., PRL101, 072001 (2008)

Maximally parity-violating!

Independent from Fragmentation Functions

There is an alternative!

W production in proton-proton collision!
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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion

D. De Florian et al., PRL101, 072001 (2008)

There is an alternative!
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W production in proton-proton collision!
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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion
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There is an alternative!

W production in proton-proton collision!
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The proton spin puzzle
quark spins gluon spins quark&gluon 

orbital motion
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There is an alternative!

W production in proton-proton collision!
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Hadron-Hadron collider
√s of 62 GeV, 200 GeV, 500 GeV

RHIC

1

Cross-sections and SSAs of 
Identified Forward Hadrons 

in pn+p
 

at RHIC

J.H. Lee
for            Collaboration

BNL

April 27, DIS09, Madrid

STAR

PHENIX @ RHIC
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    South Muon Tracker
  North Muon Tracker

Proton Proton 

    PHENIX IR
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PHENIX
Central Arms

Francesca Giordano

Central Arms:

Tracking, Momentum and PID for:
★ charged and neutral hadrons
★ direct photons
★ e+e-
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PHENIX

|⌘| < 0.35

1.2 < |⌘| < 2.4

Muon Arms:

Tracking and Momentum for:
★µ±

Forward Arms
1.2 < |⌘| < 2.4

Tracking, Momentum and PID for e±
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Tracking and Momentum for µ±

~pp ! W± ! e±⌫ ~pp ! W± ! µ±⌫
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Phenix 500 Gev Runs
W production in proton-proton collision at 500 (510) GeV

High Longitudinal Polarization (up to 56%)

Total luminosity: ~300 pb-1

Central arms: 
     - Results being finalized

Forward Arms:

  - Preliminary results on 2011 and 2012 data
  - 2013 data preliminary New!
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Decay lepton kinematics

Pythia

d d̄ū u

Forward ForwardBackward Backward
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Decay lepton kinematics
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Decay lepton kinematics

Pythia
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Jacobian peaks at central rapidities! Suppressed/no Jacobian peaks 
at forward rapidities!
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Decay lepton kinematics
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W asymmetries in central 
rapidities
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W decay at central rapidities
Jacobian peaks visible!

Analysis strategy:

1. Reduce background as much as possible
2. Extract the Bg shape then fit the whole spectrum together with a signal shape
3. Evaluate asymmetries
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W decay at central rapidities
Jacobian peaks visible!

Analysis strategy:

1. Reduce background as much as possible

Background  

4/29/2014 PHENIX W->e | Ciprian Gal 6 

• Reducible Backgrounds: 

– Photons from neutral 

pion/eta decays followed 

by e± pair production 

– Cosmic rays 

– Beam related backgrounds 

• Irreducible Backgrounds 

– Z decays 

– Charm, bottom decays 

– Other W decays 

Relative isolation cut 

4/29/2014 PHENIX W->e | Ciprian Gal 8 

• Main background discriminator 

• Energy in a cone of R=0.4 divided 
by energy of the candidate 

• Removes most (>99%) of 
identified conversions  

• Reduces background by a factor 
of 10 while leaving the signal 
region relatively untouched 

background reduced 
by a factor 10!

Main background discriminator:

Relative isolation cut: energy in a cone (R=0.4rad) 
not from the candidate electron < 10%
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Background sources:

1. e±-pair production by 𝛑0/ỷ decay photons 
2. cosmic rays
3. background from beams
4. Z/charm-bottom decays/other W decays
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W decay at central rapidities
Jacobian peaks visible!

Analysis strategy:

1. Reduce background as much as possible
2. Extract the Bg shape then fit the whole spectrum together with a signal shape

uses the low pT (background dominated) spectra 
used to define the shape of the background
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Assumption 1:  background shape does not change at higher pT

Assumption 2:  smooth curve to describe background

Gaussian process regression 

extrapolate the expected bg shape and uncertainty 
in the higher pT region

Gaussian Process Regression 

4/29/2014 PHENIX W->e | Ciprian Gal 11 

• Use background control region to get a shape 
• The GPR will give a background contribution and 

uncertainty  
• A cross check of the method has been performed with a 

classic functional form showing good agreement 
 

Gaussian Process Regression 

4/29/2014 PHENIX W->e | Ciprian Gal 11 

• Use background control region to get a shape 
• The GPR will give a background contribution and 

uncertainty  
• A cross check of the method has been performed with a 

classic functional form showing good agreement 
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W decay at central rapidities
Jacobian peaks visible!

Analysis strategy:

1. Reduce background as much as possible
2. Extract the Bg shape then fit the whole spectrum together with a signal shape
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Fit the extracted bg shape + signal 

W+W-
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W decay at central rapidities
Jacobian peaks visible!

Analysis strategy:

1. Reduce background as much as possible
2. Extract the Bg shape then fit the whole spectrum together with a signal shape
3. Evaluate asymmetries

Asymmetries all data 

4/29/2014 PHENIX W->e | Ciprian Gal 13 

• Run 13 results were 
separated into two eta 
bins 

• Run 09/11/12 data all 
combined into one 
single measurement 

• Overall consistency 
with the theoretical 
predictions 

Good agreement with prediction

2009+2011+2012
2013

Final results will be 
submitted soon
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W asymmetries in forward 
rapidities
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Simulations and Analysis Variables MC simulations of signal and backgrounds

Figure 1.2: Top plots: Real muon cross sections for positive (left) and negative (right) muons
as a function of pT for the individual subprocesses created with Pythia TuneA and k factors
as given in Section 1.3. Bottom plots: Stacked cross sections of all subprocesses for positive
(left) and negative (right) muons as a function of pT.

into the high pT range. Figure 1.4 shows the various contributions from the mentioned
background sources and from the W ! µ signal included in the single-muon-candidate
sample: even when applying tight cuts the charged hadron background sources dominate
the muon data sample yields. To understand the actual backgrounds full MC simulations
need to be performed for both muonic and hadronic backgrounds.

1.3 MC simulations of signal and backgrounds

For this preliminary results we are using MC simulations produced specifically for the
Run13 analysis. They take into account the rate dependent effects of both Muon tracker
and MuID approximated by the average rate over the whole 2013 running period.
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W decay at forward rapidities
Large Background  !

Muon cross-section dominated by W 
only at high pT!

Pythia

W+W-
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3 types of Backgrounds:

1. Muon background: open-heavy flavor decay, quarkonia, Drell-Yan

Background from other than W muon sources 
only part of the story!

Simulations and Analysis Variables MC simulations of signal and backgrounds
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W decay at forward rapidities

Pythia

W+W-
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3 types of Backgrounds:

1. Muon background: open-heavy flavor decay, quarkonia, Drell-Yan

2. Punch-through Hadrons: from W and other sources 
             - in principle at low pT, but muon arms have 
                                             large momentum smearing !

Background from other than W muon sources 
only part of the story!

MC simulations of signal and backgrounds Simulations and Analysis Variables

Figure 1.3: Top plots: Hadronic cross sections for positive (left) and negative (right)hadrons
as a function of pT for the UA1 based cross sections(redlines) and the NLO based calculations
(blue lines) for the sum of charged pions and kaons. The individual subprocesses created
with Pythia TuneA and k factors as given in Section 1.3 are displayed. Bottom plots: Stacked
cross sections of all subprocesses for positive (left) and negative (right) hadrons as a function
of pT.

1.3.1 Pythia related signal and BG simulations

As most of the real muon backgrounds are coming from different sub-processes and their
cross sections in these rapidity regions are only partially known, additional simulations
are required. For these, full event simulations are needed and are obtained from Pythia 6.4
[18] using PHPythia and PISA with the run13 geometry and one reference run as discussed
below. In these simulations, process separated events are created using the so-called Pythia
tune A [10] for light and diffractive, open charm, open bottom, onium, direct photon,
Drell Yan and Z boson as well as W boson production. This Pythia tune was optimized
to match the cross sections measured at the Tevatron. As reference [10] shows, this tune
also reproduces quite well the cross sections measured in RHIC at center-of-mass energies
of 200 GeV at various rapidity ranges exceeding that of the muon arm measurements.
However, the heavy flavor related cross sections seem to require some additional k-factors
of about 1.4, but will be fixed via fits to di-muon data similar to studies performed for the
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cross sections in these rapidity regions are only partially known, additional simulations
are required. For these, full event simulations are needed and are obtained from Pythia 6.4
[18] using PHPythia and PISA with the run13 geometry and one reference run as discussed
below. In these simulations, process separated events are created using the so-called Pythia
tune A [10] for light and diffractive, open charm, open bottom, onium, direct photon,
Drell Yan and Z boson as well as W boson production. This Pythia tune was optimized
to match the cross sections measured at the Tevatron. As reference [10] shows, this tune
also reproduces quite well the cross sections measured in RHIC at center-of-mass energies
of 200 GeV at various rapidity ranges exceeding that of the muon arm measurements.
However, the heavy flavor related cross sections seem to require some additional k-factors
of about 1.4, but will be fixed via fits to di-muon data similar to studies performed for the
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3. Fake high-pT muons

3 types of Backgrounds:

1. Muon background: open-heavy flavor decay, quarkonia, Drell-Yan

2. Punch-through Hadrons: from W and other sources 
             - in principle at low pT, but muon arms have 
                                             large momentum smearing !

Background from other than W muon sources 
only part of the story!
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W decay at forward rapidities
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3. Fake high-pT muons

3 types of Backgrounds:

1. Muon background: open-heavy flavor decay, quarkonia, Drell-Yan

2. Punch-through Hadrons: from W and other sources 
             - in principle at low pT, but muon arms have 
                                             large momentum smearing !

Background from other than W muon sources 
only part of the story!

MC simulations of signal and backgrounds Simulations and Analysis Variables

Figure 1.4: Stacked, hadronic cross sections for positive (left) and negative (right) muons as
a function of the reconstructed pT using basic cuts for the separate subprocesses created with
Pythia + PISA as well as hadronic background as described in the text. The top panel displays
the north muon arm, the bottom panel the south muon arm. The luminosity normalized data
yields are also displayed for all contributing run 11 muon triggers.

far tails in the FVTX matching variables and in particular the cone variable cannot be
adequately modeled as they require full hadronic events instead of single hadrons. For
this reason several MC studies which include the hadronic simulations, such as the signal
to background extraction studies to be discussed later will be performed using wness

10

Total background, accounting for all sources and smearing:
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W decay at forward rapidities

W+W-
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Analysis strategy:

1. Muon Trigger upgrade
2. Reduce background as much as possible
3. Estimate signal-to-background ratio
4. Evaluate asymmetries

MC simulations of signal and backgrounds Simulations and Analysis Variables

Figure 1.4: Stacked, hadronic cross sections for positive (left) and negative (right) muons as
a function of the reconstructed pT using basic cuts for the separate subprocesses created with
Pythia + PISA as well as hadronic background as described in the text. The top panel displays
the north muon arm, the bottom panel the south muon arm. The luminosity normalized data
yields are also displayed for all contributing run 11 muon triggers.

far tails in the FVTX matching variables and in particular the cone variable cannot be
adequately modeled as they require full hadronic events instead of single hadrons. For
this reason several MC studies which include the hadronic simulations, such as the signal
to background extraction studies to be discussed later will be performed using wness

10

Total background, accounting for all sources and smearing:

W- W+
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W decay at forward rapidities
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Phenix Forward Upgrade
PYTHIA

W

old trigger
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Phenix upgraded the existing muon arms 
for a dedicated muon-from-W trigger!
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Phenix Forward Upgrade

29

MuTracker FEE  upgrades

1. Add momentum info in the trigger

TOP view

Reject muons with 
momentum <15 GeV

Phenix upgraded the existing muon arms 
for a dedicated muon-from-W trigger!
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Phenix Forward Upgrade

29

MuTracker FEE  upgrades

1. Add momentum info in the trigger

TOP view

Reject muons with 
momentum <15 GeV

Phenix upgraded the existing muon arms 
for a dedicated muon-from-W trigger!

Add precise timing information 
1. to reject out of time background
2. to correlate events with beam polarization

1 beamclock!

2. Addition of 4 new RPC stations

Signal

Bg from 
beams
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Phenix Forward Upgrade

29

MuTracker FEE  upgrades

1. Add momentum info in the trigger

TOP view

Reject muons with 
momentum <15 GeV

Phenix upgraded the existing muon arms 
for a dedicated muon-from-W trigger!

Add precise timing information 
1. to reject out of time background
2. to correlate events with beam polarization

1 beamclock!

2. Addition of 4 new RPC stations

Signal

Bg from 
beams

FVTX
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Definining the W-ness of an event

Signal likelihood based on probability density 
functions from simulated W events

Wness =
�signal

�signal + �bg

Simulations and Analysis Variables MC simulations of signal and backgrounds

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..

13

� = [p(DG0, DDG0), p(DCA), p(�2),

p(RPC DCA), p(FV TX match), p(FTV X cone)]

30

Background likelihood based on pdfs from 
bg-dominated data (signal < 1%)

Unlikely a 
W-event

Very likely a 
W-event
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Definining the W-ness of an event

W likelihood ratio extraction and background estimation Data Analysis

Figure 2.3: Signal (purple), Z/DY (green), open charm (red), onium (blue), open bottom
(dark blue), hadronic (grey) and real data (black) efficiencies as function of the minimum W
likelihood ratio f .

2.1.2 Cross-check

The f distributions extracted for signal and backgrounds have been cross checked by
Abraham, Daniel, Mike and Ralf. After a few iterations the initially selected event numbers
are similar among analyzers. The extracted likelihood ratio distributions are in good
agreement as can be seen in Fig. 2.4.

f dependence upon detector selection

The various detector selections can be seen in Fig. 2.5 for the various analyzers. One can see,
that the differences between analyzers are minimal for all RPC only conditions while they
are larger for the FVTX related conditions. Also, one can see the relative contributions to
the likelihood. They approximately consist of 25% with FVTX matching and the remainder
with RPCs only. A large fraction of events (23% North, 34% South) have both Rpc1 and

20

High-efficiency cut parameter!

Signal likelihood based on probability density 
functions from simulated W events

Background likelihood based on pdfs from 
bg-dominated data (signal < 1%)

Wness =
�signal

�signal + �bg

� = [p(DG0, DDG0), p(DCA), p(�2),

p(RPC DCA), p(FV TX match), p(FTV X cone)]

31
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Definining the W-ness of an event

Signal likelihood based on probability density 
functions from simulated W events

Background likelihood based on pdfs from 
bg-dominated data (signal < 1%)

Wness =
�signal

�signal + �bg

� = [p(DG0, DDG0), p(DCA), p(�2),

p(RPC DCA), p(FV TX match), p(FTV X cone)]
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Cut chosen:
Wness > 0.99

fixed looking at the FOM of uncertainties (stat+sys)
for the final asymmetries
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Extraction of the Sig/Bg ratio
via an Extended Unbinned, 2-D, Maximum-Likelihood fit

(2D EUMLF)

pseudorapidity ỷ effective bending dw23

(Independent from the variables 
used in the wness estimation)
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Extraction of the Sig/Bg ratio

34

via an Extended Unbinned, 2-D, Maximum-Likelihood fit
(2D EUMLF)

parameters

fixed

for W 
from Simulation

for Hadron bg
& Fake muons extrapolated from
bg-dominated data (low-wness)

for Muon bg
from Simulation

dw23ỷ



Francesca Giordano

Extraction of the Sig/Bg ratio

Sig/Bg ratio from 30% to 50%, depending on 
Phenix arm/muon charge/ỷ region

35

via an Extended Unbinned, 2-D, Maximum-Likelihood fit
(2D EUMLF)
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W cross-section 

Consistent with prediction within
the large uncertainties
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W cross-section: systematics 

37

About 20% charge 
misidentification

Momentum smearing

Muon bg estimate

2D-EUMLF accuracy 
(tested with MC inputs)

Major contributions:

Trigger efficiency

All uncertainties propagated to the 
asymmetries via sig/bg fit uncertainty
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Single Spin Asymmetries

Background AL 
consistent with 0

Background treated as a 
dilution in the measured AL
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AL =
1

P

N+ �N�

N+ +N�
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Single Spin Asymmetries
AL =

1

P

N+ �N�

N+ +N�
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Phenix AL for W+ decay leptons appear to 
be consistent with prediction at center 

and forward rapidities

At backward rapidities AL seems to be 
positive/consistent with zero

(similarly to the AL observed from STAR 
for positive electrons AL)

Phenix AL for W- decay leptons are 
qualitatively consistent with predictions 
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Summary
About 300 pb-1 at 500 GeV collected at Phenix for W!l𝜈

All data analyzed 

40

W!e+- in central rapidities: 
final results and paper in advance stage,will be submitted soon 

W!µ+- in forward rapidities: 
preliminary results for run 2013 presented here for the first time

Work in progress to reduce systematics:
- improve signal to background extraction
- new data production to correct for known momentum smearing 
and improve the charge reconstruction
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Summary
About 300 pb-1 at 500 GeV collected at Phenix for W!l𝜈

All data analyzed 

40

W!e+- in central rapidities: 
final results and paper in advance stage,will be submitted soon 

W!µ+- in forward rapidities: 
preliminary results for run 2013 presented here for the first time

Work in progress to reduce systematics:
- improve signal to background extraction
- new data production to correct for known momentum smearing 
and improve the charge reconstruction

Thank you!
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Single Spin Asymmetries
AL =

1

P

N+ �N�

N+ +N�
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Results from 2013 data compatible with 
previous results (2012 data)
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Single Spin Asymmetries

ỷ dependence:
Large uncertainties, similar conclusions
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Phenix AL for W+ decay leptons appear to 
be consistent with prediction at center 

and forward rapidities

At backward rapidities AL seems to be 
positive/consistent with zero

(similarly to the AL observed from STAR 
for positive electrons AL)

Phenix AL for W- decay leptons are 
qualitatively consistent with predictions 

AL =
1

P

N+ �N�

N+ +N�


