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Project Summary: Accessing the Proton Spin Structure

Principal Investigator: Murad Sarsour

The origin of nucleon spin has been the focus of experimental and theoretical efforts ever since
polarized deep-inelastic scattering experiments found that the total quark spin contribution to
the nucleon spin is much smaller than expected. This was termed as the “proton spin crisis.”
An outstanding puzzle for more than three decades that revolves around the questions: How is
the proton’s spin built up from its quark and gluon constituents? Why is the total quark spin
contribution so small? Figuring out the spin puzzle would require measurements of the gluon spin,
ΔG, and orbital angular momentum of both quarks and gluons as well as individual quark and
antiquark contributions.

In this proposal the Principal Investigator, Murad Sarsour, requests support to pursue investiga-
tions into the origin of the proton spin within the PHENIX Collaboration at Brookhaven National
Lab’s Relativistic Heavy Ion Collider (RHIC). These investigations include the gluon helicity and
the quark and antiquark polarizations. The PI proposes to measure the double longitudinal spin
asymmetry of the inclusive η meson at

√
s = 500 GeV. The objective of this measurement is to

constrain ΔG over wide x-region, in addition, provide constraints on Δs in the accessible kinematic
range. The PI is also a member of the forward upgrade group which is carrying out the PHENIX
muon trigger upgrades with an objective of getting PHENIX ready for the quark and antiquark
polarization measurements via single spin asymmetry of the W -decay muons.

Intellectual Merit

The results of the proposed measurements are long awaited, as much is still unknown of the internal
constituent contributions to the proton’s spin. Current world spin data have accessed gluon probes
in a very limited kinematic region and significant uncertainty remains regarding the magnitude of
the gluon helicity distribution. In addition, there is still much to be learned about the separate
spin contributions carried by the sea quarks. Clear knowledge of the proton spin can emerge, by
a global effort on the analysis of the world data where many channels are studied across a wide
kinematic region, and the proposed measurements will be very valuable addition to the world data.

Broader Impacts

The proposed projects provide undergraduate and graduate students a unique opportunity in a large
collider experiment. They will have hands on hardware and software experiences. To develop better
understanding of the major component of the forward upgrade project, the RPCs, the students
will build small RPC sets. Each of these sets will include a detector and computer-based data
acquisition system, and the students will use them for cosmic ray studies, analyze and interpret
the data, and write a project summary. To promote advanced science projects in high schools
completed monitoring sets will be installed at participating local public schools where teachers and
students maintain the operation of the detectors and participate in these data analysis.
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Project Description

1 Introduction

More than 99.9% of the visible universe is made of nucleons - protons and neutrons, which are
created by very complex interactions between elementary particles called partons - quarks and
gluons. These interactions are described by the quantum field theory of the strong force: Quantum
Chromo Dynamics (QCD). The partons cannot be studied directly due to what is known as the
confinement, but rather within the confines of other particles like nucleons. Unlike partons, nucleons
are stable and readily accessible and can serve as a laboratory to study the quarks and gluons. In
1968, electron-proton deep inelastic scattering (DIS) experiments at the Stanford Linear Accelerator
Center (SLAC) showed that the proton was not an elementary particle, but instead contained
much smaller, point-like objects [1, 2]. Since then significant progress in understanding the nucleon
structure has been made. However, many important questions remain open; in particular we are
still left with only poor understanding of the origin of the nucleon spin. The spin is especially
important since it is responsible for many fundamental properties of the matter, including the
magnetic moment, the different phases of matter in low temperature physics, and the stability of
the universe in general.

The origin of nucleon spin has been the focus of experimental and theoretical efforts ever since
polarized DIS experiments found that the total quark spin contribution to the nucleon spin is
surprisingly small [3, 4]. This was termed as the “proton spin crisis.” An outstanding puzzle for
more than three decades that revolves around the questions: How is the proton’s spin built up from
its quark and gluon constituents? Why is the total quark spin contribution so small?

Obvious candidates for the rest of the proton’s spin are the gluon and/or orbital angular mo-
mentum of the constituent quarks and gluons. The spin sum rule that relates the spin of the proton
to its constituents is written as [4],

1

2
=

1

2
ΔΣ(μ) + ΔG(μ) + Lq(μ) + Lg(μ), (1)

where ΔΣ and ΔG are the total quark and gluon helicity contributions to the proton spin, respec-
tively, Lq(μ) and Lg(μ) are quark and gluon orbital angular momentum, respectively. The scale
μ indicates the momentum scale at which these quantities are measured. Figuring out the spin
puzzle would require measurements of ΔG, Lq and Lg.

The Principal Investigator (PI), Murad Sarsour, requests support to pursue investigations into
the origin of the proton spin within the PHENIX Collaboration at RHIC. These investigations
include ΔG and the quark and antiquark helicity distributions. Measurements of the double lon-
gitudinal spin asymmetry of the inclusive η meson at

√
s= 500 GeV will provide a valuable tool

to constrain ΔG in the accessible kinematic range. The PI is also a member of the forward up-
grade group which is carrying out the PHENIX muon trigger upgrades with an objective of getting
PHENIX ready for the quark and antiquark helicity distributions via single spin asymmetry of the
W -decay muons.
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2 Review of Spin Structure Measurements

Three decades ago, the EMC (European Muon Collaboration) experiment [3] at CERN found,
using deep-inelastic scattering of polarized muon beam off polarized protons, that the total quark
spin contribution, ΔΣ, to the spin of the proton is surprisingly small [3, 4]. The findings triggered
several other polarized DIS experiments, with electron beams at SLAC [5, 6, 7], DESY [8] and
JLAB [9], and a muon beam at CERN [10]. These experiments confirmed the EMC findings with
much increased precision and also expanded the covered range of x and Q2. The results stimulated
a number of theoretical and experimental groups to try to extract the polarized parton distribution
functions from fits of these data [11, 12, 13, 14]. ΔΣ was quite consistent in all fits, indicating that
the polarized DIS data offer a reasonable constraint.

The gluons contribute to the polarized DIS cross section at the next-to-leading-order (NLO)
level, so ΔG was extracted from NLO perturbative QCD (NLO pQCD) analyses of the scale depen-
dence of the inclusive deep-inelastic spin structure function from the DIS data. However, due to the
limited x and Q2 coverage the resulting ΔG have rather large uncertainties [7, 10, 12, 14, 15, 16].
In addition, these inclusive DIS measurements provide only sensitivity to the combined contribu-
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Figure 1: Polarized parton densities [15] extracted from polarized inclusive DIS and polarized semi-inclusive
DIS data at Q2=10 GeV2. The green (yellow) bands correspond to Δχ2= 1 (Δχ2/χ2 = 2%).

tions of quarks and anti-quarks summed over all flavors. In order to disentangle the individual
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spin contributions carried by the quarks, several semi-inclusive DIS measurements have been also
made [17, 18, 19]. Figure 1 shows the polarized parton densities from a recent NLO QCD global
analysis [15] that included polarized inclusive DIS and polarized semi-inclusive DIS (pSIDIS) data.
The SIDIS data combined with fragmentation function measurements allowed for the flavor sep-
aration of quark helicity densities. However, it is clear from Figure 1 that significant uncertainty
remains regarding the magnitude of the gluon and sea quark helicity distributions. Another out-
standing issue is the strange quark helicity distribution. The inclusive DIS data prefer a large neg-
ative value for Δs̄ while when including the SIDIS data a small positive value is preferred [20, 21].

COMPASS Collaboration utilized the photon-gluon fusion, with a leading order sensitivity to
gluons, to access ΔG. This was done by looking at charmed mesons [22] or high pT particles [17].

Figure 2: Compilation of leading order ΔG extractions from
various gluon-photon fusion measurements [23].

Figure 2 shows the latest COMPASS
data [23] along with earlier measure-
ments by HERMES [19] and SMC [18]
collaborations which used the high pT

charged particles production to access
ΔG. These measurements reflect real
progress, however, the limited preci-
sion, Q2 reach, and uncertainties due
to assumptions in the extraction of
ΔG from leading order Monte Carlo
simulations suggest that these mea-
surements cannot provide definitive
answer for ΔG.

Currently, there are several DIS
facilities that study the nucleon spin
structure. COMPASS is expected to
run for the next couple of years to im-
prove on their measurements of the
quark and gluon polarizations in the
proton. JLab, with the 12 GeV program, will focus on the longitudinal quark structure of protons
and neutrons at high x. E906 at Fermilab will exploit the Drell-Yan process to probe selectively
the antiquark distributions of target protons, deuterons, and nuclei.

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) unites
several features that make it unique to explore the gluon polarization. The high center of mass
energy and high pT make NLO pQCD analysis more reliable. Indeed, both PHENIX and STAR,
the two major experiments at RHIC, have measured the unpolarized proton-proton cross sections
for reactions sensitive to gluons and they are very well described by pQCD predictions over several
orders of magnitude [24, 25, 26, 27]. At collider energies, a range of kinematics opens up which allows
probing the gluon helicity distribution, Δg(x), over a wide range of x, thus helping to significantly
constrain its x-integral, ΔG (=

∫
1

0
dxΔg(x)). In addition, quark polarization measurements at

RHIC will be compared to those from DIS and SIDIS. A crucial feature of RHIC is providing two
different energies,

√
s = 200 and 500 GeV. It is conceivable that gluons are still rather strongly

polarized towards low momentum fractions, x, so that a significant contribution to ΔG could come
from that region.

In the past several years, as RHIC was still developing higher luminosity and polarization, mea-
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surements exploited the abundant channels of inclusive pions and jets. The PHENIX collaboration
with its highly segmented calorimeter focused on the inclusive π0 ALL [26, 27, 28, 29] and inclusive
photon reconstruction [30], while the STAR collaboration with its large acceptance detector focused
on the inclusive jets ALL [25, 31, 32]. RHIC data from inclusive probes (jets and π0) were included
in a recent NLO global analysis [20, 21], DSSV, which is the first to include inclusive DIS, SIDIS,
and RHIC pp collision data. The results of this analysis, shown in Figure 3, indicate that Δg(x,Q2)
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Figure 3: DSSV polarized sea and gluon densities [20] compared to previous fits [12, 15]. The green (yellow)
bands correspond to Δχ2= 1 (Δχ2/χ2 = 2%).

is small in the accessible range of momentum fraction, x, with a possible node in the distribution
near x ∼ 0.1, basically evolving away at higher scales with an opposite phase from GS-C [11]. A
study of the DSSV χ2 distribution shows that RHIC data set substantial new constraints on the
polarized gluon distribution in the proton over the kinematic range 0.05 < x < 0.2 [20]. However,
in spite of these improvements there are still significant uncertainties regarding ΔG. This is clear
in Figure 4 which shows the GS-C in the left panel and DSSV in the lower right panel, two inde-
pendent global fits, both fit the inclusive jet data very well even though they assume two different
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comparison of PHENIX (top) and STAR (bottom) data to the DSSV fit. The shaded bands correspond to
Δχ2 = 1 and Δχ2/χ2 = 2% [20].

functional forms. RHIC provided lengthy
√

s = 200 GeV run in 2009 that will decrease the un-
certainties associated with the inclusive π0 and jets, allow for studying other inclusive probes like
prompt photons and η mesons, and give the opportunity to collect enough statistics to do di-jets
and di-hadron measurements that will provide x-dependence of Δg(x,Q2). RHIC also provided the
first exploratory run at

√
s = 500 GeV for luminosity and polarization development. The

√
s = 500

GeV data allows probing lower x-region for ΔG measurement and will also put RHIC in a unique
position to shed light on the quark and antiquark polarizations, sorted by quark flavor, through
parity-violating production of W bosons [33, 34, 35].

3 Proposed Project

This proposal requests support for the Georgia State University spin group to carry out measure-
ments that shed light on the proton spin structure. The project will have the following components:

3.1 Inclusive η Double Longitudinal Spin Asymmetry

The PI proposes to measure the double longitudinal spin asymmetry in η meson production (�p+�p →
η+X), A

η
LL, which provides a valuable tool to constrain ΔG in the accessible kinematic range. η me-

son is produced copiously in the proton-proton collisions, and it is reconstructed through its primary
decay channel, η → γγ, with ∼ 39% branching ratio, in the highly segmented PHENIX electromag-
netic calorimeter (EMCal) [36]. The reconstruction procedure is very similar to π0 meson which
has been done successfully over the past years [24, 27, 37]. Figure 5 shows reconstructed invariant
mass distributions in the vicinity of the η peak from run 2009 data at

√
s = 200 GeV. The primary

inclusive channel to study ΔG at the PHENIX experiment is π0, however, η is the second most abun-
dant probe [38] and gives reasonable statistical uncertainties and thus sizable weights in global fits.

5
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In addition, the measurement
of the A

η
LL adds independent

data with different systematics
to the present set of polarized
data available to PDF fits. Even
when compared to the π0 data
on double helicity asymmetries,
the difference in the fragmen-
tation functions can lead to a
different sensitivity to certain
PDFs.

ALL is defined as,

ALL =
σ++ − σ+−

σ++ + σ+− =
Δσ

σ
(2)

where σ++ (σ+−) is the differen-
tial cross section when the beam
protons have equal (opposite)
helicities. Assuming the hadron
(i.e. η) produced at high transverse momentum, pT , the cross section reads up to corrections
suppressed by inverse powers of pT :

dΔσ =
∑

abc

Δfa ⊗ Δfb ⊗ Δσ̂ab→cX′

⊗ Dh
c , (3)

where Δfa and Δfb are the polarized parton distributions for quarks (u,d,s) and gluons, and
Δσ̂ is the spin dependent hard scattering cross section which is calculable in pQCD. Dh

c is the
fragmentation function (FF) which represents the probability for a parton c to fragment into a
hadron h. It is apparent in Equation 3 that gaining information on the spin-dependent PDFs
depends on how well we know the FF of the inclusive hadron being measured. Initially, η cross
section measurements from e+ + e− scattering have been used to extract FFs for η production,
but the η FF is constrained further by including precise η to π0 cross section ratios [39]. Figure 6
shows the contributions of the various scattering subprocesses gluon-gluon (gg), quark-gluon (qg),
and quark-quark (qq) to the η production as a function of pT . For comparison, they are also
shown in the case of π0 production [40]. In addition to the dominant gluon to η fragmentation, a
strong strange quark to η fragmentation is expected especially at higher z, and A

η
LL measurement

would provide constraint on the strange quark contribution to the spin of the proton [41]. This is
particularly important given the disagreement between the global fits when including or excluding
the SIDIS data to the DIS data as mentioned earlier. The size of Δs + Δs̄ is not only a topic of
interest for nucleon spin structure but also for dark matter enthusiasts, the uncertainty in Δs+Δs̄

provides the single largest uncertainty in predictions of the spin-dependent elastic scattering cross
sections of super-symmetric dark matter particle on protons and neutrons [21].

Experimentally, ALL is determined by counting the luminosity normalized observable yields
when the colliding protons have aligned (N++) and anti-aligned (N+−) helicities and polarizations
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Figure 6: Fractional contribution of gluon-gluon (gg), quark-gluon (qg), and quark-quark (qq) scattering
to the η and π0 production as a function of pT .

of P1 and P2, according to the following equation,

ALL =
1

|P1||P2|

N++ − N+−

N++ + N+− (4)

In 2009, PHENIX collected ∼ 13 pb−1 at ∼ 55% polarization at
√

s = 200 GeV. The PI
carried out the data analysis to extract A

η
LL from the 200 GeV data set and preliminary results

were released in June 2010 and soon to be published with Aπ0

LL. Figure 7 shows the preliminary
ALL for mid-rapidity inclusive η production from the combined 2005, 2006, and 2009 data at 200
GeV as a function of pT . Figure 7 also shows NLO pQCD calculations which incorporate two
different scenarios for Δg(x), including the best global fit to the inclusive DIS data (std) and the
zero gluon polarization (Δg(x) = 0) [12, 20]. It also shows the DSSV global fit prediction that
includes data from DIS, SIDIS, and RHIC [20]. A

η
LL is consistent with zero over the measured

range as expected based on the apparent similarity of the η and π0 fragmentation functions and
since Aπ0

LL is consistent with zero as well [27]. The PI gave a public presentation of the preliminary
2009 A

η
LL results along with other recent PHENIX results from the longitudinal and transverse

spin programs at Diffraction 2010 [42].
In 2009, RHIC also had its first exploratory run at

√
s = 500 GeV and the PHENIX experiment

collected ∼ 8 pb−1 at ∼ 39% polarization which provides a good data sample for η cross section
and first look ALL measurements. At 500 GeV, A

η
LL measurement is especially important since

η is less effected by the cluster merging of the reconstructed di-photons than π0. This not only
brings η statistically closer to π0 but also makes A

η
LL a vital independent cross check for Aπ0

LL. The
plan for the PI is to work with Mr. Behnam Aryafar, a graduate student, to extract A

η
LL from

the 500 GeV runs in 2011 and 2012. The projected uncertainties on A
η
LL from the 500 GeV run in
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2011, assuming 50 pb−1 recorded luminosity at 60% polarization and compared to 300 pb−1 at 60%
polarization, are shown in Figure 8. This project is expected to be Mr. Aryafar’s thesis project.
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Figure 8: Statistical projections of ALL for inclusive η production at
√

s = 500 GeV expected in run 2011.

The PI is currently finishing up the analysis of the 500 GeV data set to produce η cross section
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and ALL. The cross section measurement is be to added to η cross section measurements from
e+ + e− scattering and PHENIX’s previous η cross section measurements to reduce uncertainties
associated with the extracted fragmentation functions for η production. The cross section and ALL

from inclusive η production are expected to be published soon along with those of π0 production
at 500 GeV.

3.2 Sea Quark and Antiquark Polarization

A major emphasis of the PHENIX spin program is to cleanly and accurately measure the sea quark
and antiquark polarizations, sorted by quark flavor. This will clarify the overall picture of small
total quark and antiquark contribution to the spin of the proton. The single spin asymmetry, AL,
of maximally parity violating W production in the longitudinal polarized proton scattering provide
a very clean way to study quark and antiquark polarizations. These asymmetries are expected
to be large in polarized proton-proton collisions at RHIC [33, 43]. In addition, independence of
fragmentation functions and associated uncertainties and the high energy scale set by the W mass
will make it possible to extract quark and antiquark polarizations from the single spin asymmetries
in W production with minimal theoretical uncertainties. All the mentioned above makes RHIC an
ideal place and powerful tool to study quark and antiquark polarizations.

The single spin asymmetry in W production, AW
L , is defined as the difference over the sum of

the cross-sections for one longitudinally polarized proton to scatter off another unpolarized proton:

AW
L =

σ↑(pp↑ → WX) − σ↓(pp↓ → WX)

σ↑(pp↑ → WX) + σ↓(pp↓ → WX)
(5)

At RHIC, the W boson is observed through its leptonic decay, W → lν, and since RHIC detectors
are not hermetic only the high pT charged lepton can be measured and not the associated neutrino.
However, it was shown in [44] that by applying certain experimental cuts on the observed leptons
the measurable asymmetries as a function of rapidity are a viable alternative to those of the W

boson. The full impact of such measurement is realized through a global analysis that also includes
the SIDIS data [43].

At the lowest order (LO) the W− production, for example, involves primarily dū → W− and
AW−

L can be written as a superposition of two cases,

AW−

L ≈
−Δd(x1)ū(x2) + Δū(x1)d(x2)

d(x1)ū(x2) + ū(x1)d(x2)
(6)

where Δd and Δū are the helicity distributions and x1,2 = MW√
s

e±yW . yW is the rapidity of the

W boson and
√

s is the hadronic center of mass. PHENIX’s forward muon detectors present
a unique opportunity to carry out this measurement since they sample quite asymmetric par-
ton collisions where at these large rapidities: x1 ∼ 1 and x2 � 1. This allows the separation
between the quark and antiquark contributions where the W− production at x1 >> x2 gives:
AL(forward W− → μ−) ≈ −Δd(x1)/d(x1) and AL(backward W− → μ−) ≈ Δū(x1)/ū(x1). Simi-
larly, the W+ production will allow access to Δu/u and Δd̄/d̄ but due to the fixed neutrino helicity
the relative flavor contributions in forward and backward rapidity regions are not as easily sepa-
rable. In addition, midrapidity AL measurements of W± production combine contributions from
both u and d̄ polarizations, and from d and ū polarizations in W production [35].
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The rate for W production in proton-proton collisions at 500 GeV is very small and the mea-
surement requires high luminosity running which results in high backgrounds. These backgrounds
are dominated by decay muons from low momentum hadrons (i.e. pions and kaons) that punch
through the front absorber and decay in the tracking volume of the muon tracking detector (MuTr).
MC simulations of these background muons along with W -decay muons versus pT are shown in
Figure 9. Cosmic rays and beam backgrounds are another expected source of backgrounds.

Figure 9: False high pT muon background from kaon and pion decays. The thick black curve shows the
W -decay muons.

The existing detector and muon trigger setup provide a rejection factor R ∼ 100 or even less
under higher rate conditions that we expect to see at 500 GeV running. Consequently, the forward
trigger upgrade was started several years ago, where tracking and timing information are provided
to a new set of muon trigger processors to complement the current trigger and to improve the overall
rejection power. The forward trigger upgrades include: (1) New front-end electronics for the muon
tracking chambers to send tracking information to new dedicated muon trigger processors. This
system has been developed, constructed, and fully installed and integrated. (2) Two resistive plate
chamber (RPC) trigger detector stations, RPC-1 upstream and RPC-3 downstream, added to each
muon spectrometer (north and south muon arms). RPC-3 is completely installed in both south and
north arms. RPC1 in both arms will be completed before the start of run 2012. The RPC stations
will be used for both tracking and timing. The timing information will add background rejection
power in offline analysis. Additionally, new 35 cm thick steel absorbers will be installed upstream
of each of the muon spectrometers before run 2011. MC simulations as well as analysis of the data
taken in 2009 at 500 GeV with a prototype absorber show that an absorber with a thickness of two
nuclear interaction lengths will provide full suppression of these backgrounds.

Cosmic ray muons are another source of background that was not well understood. The PI, X.
He, and J. Ying from Georgia State University analyzed recent cosmic ray data taken before and
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after run 2009 and near the end run 2010 by the PHENIX collaboration to study this background.
Detailed analysis of these data showed that using the current system with all possible cuts suppresses
the cosmic muon survival rate to 0.0017 ± 0.006 mHz from run 2009 data and 0.0013 ± 0.004 mHz
from run 2010. These rates are at least 30 times less than the expected W -decay muon rate,
∼ 0.5 mHz. Additional suppression power of the cosmic backgrounds comes from the RPCs timing
information. The cosmic muons enter the muon arms from back and can be easily distinguished
from W -decay muons which emerge from the collision region since they register hits in RPC 3 before
RPC1. This means that with the help of the RPCs the cosmic backgrounds will be suppressed to
a very negligible level even at high rates were using all possible cuts may not be as efficient.

Currently, the PI is working with a smaller group within the forward upgrade group on new full
detector simulation to understand the backgrounds more thoroughly and confirm them in the data
to simulate the various QCD background in preparation for run 2011. Full PYTHIA 6.4 simulation
has been started using the tune A which reproduces most of the 200 GeV cross sections measured
at RHIC. No direct comparisons of this tune to 500 GeV RHIC data were performed and some
differences are possible. The events are generated separately for different sub-processes: light and
diffractive physics, open charm, open bottom, onium production, direct photon processes, Drell Yan
and Z boson processes, W boson processes as well as Z+jet and W+jet processes. Those events
are then processed by the PHENIX detector simulation (based on GEANT) and reconstructed
by the muon arm reconstruction software.This MC production will allow us to test all previously
considered cuts to reduce the backgrounds in the high pT region for the W -decay muon signals. In
comparison to the previous work, mostly single particle simulations, it will be possible to test these
cuts under realistic conditions and also be able to investigate further isolation criteria.

With the ongoing upgrade efforts of the forward muon trigger and extended data collection
at

√
s = 500 GeV decay lepton measurements in the forward rapidity regions can be made with

sufficient accuracy to discriminate between different flavor scenarios for the polarized quark distri-
butions in the nucleon. PHENIX is projected to collect 150 pb−1 from runs 2011 and 2012 combined.
Assuming that background rejection capability with offline cuts and the absorber doesn’t live up to
the expectation, the forward silicon vertex detector (fvtx) can be used for further rejection begin-
ning in run 2012. In this case a tighter cut on the vertex is required which will result in collecting
only 50 pb−1 in run 2012, and having signal-to-background ratio of 3.0. Figure 10 shows the ex-
pected uncertainties for this scenario. The curves in the figure are the results of various pQCD fits
including different inclusive and smei-inclusive DIS data along with previous RHIC data. It is quite
clear that even if things don’t live up expectations the 500 GeV data from PHENIX will have a
substantial impact. The top two panels in Figure 11 show the current uncertainties obtained by a
pQCD fit [20, 21] to the world data from inclusive and semi-inclusive deep inelastic scattering, while
the lower two panels show the impact of the W± AL for 300 pb−1 with a mean polarization of 60%.
The W data reduce the uncertainties on the sea-quark polarizations for 0.05 < x < 0.6 significantly,
furthermore, serve as a set of complementary measurements to the ones in semi-inclusive DIS.

The plan for PI is to continue contributing to the simulations efforts and with Mr. Guragain
work on data from runs 2011 and 2012 to extract AL for W -decay muons. These asymmetry
measurements are expected to be Mr. Guragain Ph.D. project. In addition, the PI and the
GSU heavy ion group are making substantial contributions to several aspects of the Forward Muon
Trigger Upgrade hardware and devoted significant resources to the RPC factory work. The Forward
Muon Trigger Upgrade project will serve the interests of both W physics (spin program) and
heavy flavor physics (heavy ion program). A major part of GSU involvement is RPC research and
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Figure 10: Expectation for uncertainties in W asymmetry measurements with 50 pb−1 recorded with 50%
polarization and S/B=3.0.

development (R&D) to gain a working knowledge of RPC detectors in PHENIX and to develop
detector assembly and quality assurance procedures for the RPC factory at BNL. The PI recently
obtained a large laboratory space at GSU to house the RPC prototype that was used for testing and
cosmic studies during run 2009. This prototype will extend our R&D studies from much smaller
RPC modules to real size and similar design to the actual PHENIX RPCs which would provide
more realistic model for our R&D efforts of PHENIXs RPCs and thus most beneficial. The PI
gave a public presentation at the April APS meeting where he presented the results from run 2009
prototype RPC tests at 500 GeV and other RPC performance tests, as well as results for local RPC
monitoring and studies at GSU [45].
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Figure 11: Upper plots: Uncertainty band on xΔu and xΔd resulting from the current fit to the world
data from inclusive and semi-inclusive DIS by DSSV [20, 21]. Lower plots: Improvement in the uncertainties
adding constraint from W AL measured with 300 pb−1 of 500 GeV p + p collisions with 60% polarization.

3.3 Personnel

The PI became an Assistant Professor at GSU in Fall, 2008, and joined the PHENIX Collaboration
at that time. Prior to that, the PI was a member of the STAR Collaboration for five years, during
which he developed very extensive experience with ALL measurements and the various systematic
uncertainties associated with them and the collider at large. He assisted in runs 2003 and 2004
inclusive jet ALL analysis which resulted into Physical Review Letters publication [25]. Then the
PI together with Dr. C.A. Gagliardi and Dr. R. Fatemi, developed new analysis procedures that
account for most of the distortions that were introduced in the inclusive jet ALL measurement by
the STAR detector in run 2005. This allowed performing a quantitative comparison of the results
to global fits of polarized DIS data within the GRSV framework for various fixed values of ΔG [12].
The final results are published in Physical Review Letters [31]. The PI is one of the principal
authors of that paper. These results imply that the gluon polarization in the nucleon cannot be
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much larger than the GRSV-std polarized parton distribution fit. In parallel, the PI analyzed
the inclusive jet data that were recorded during 2006 to determine ALL with higher precision at
higher transverse momentum. The analysis procedures were similar to those developed for the 2005
analysis. However, the increased calorimeter coverage during run 2006 allowed increasing the jet
cone radius from 0.4 to 0.7. The PI also improved the treatment of several of the systematic un-
certainties, especially those due to beam-gas and pile-up backgrounds. The PI gave the first public
presentation of the preliminary 2006 results in a talk at the DNP meeting in Newport News [32].
The same talk also included the first public presentation of the final 2005 results described above.
The STAR publication on the 2006 inclusive jet ALL measurement is in collaboration review and to
be released soon. The 2007 NSAC Long-Range Plan for Nuclear Science identified these preliminary
2006 inclusive jet ALL results, in conjunction with preliminary 2006 inclusive π0 measurements from
PHENIX experiment, as one of the highlights of the past five years in the field of nuclear physics.

As a member of the PHENIX collaboration, the PI assisted in collecting data in run 2009, and
he has been working on run 2009 data to extract asymmetries and cross section for η meson at both
energies: 200 and 500 GeV. The PI is one of the principal authors on two of PHENIX’s papers that
will be soon be submitted for publications; Aπ0

LL and A
η
LL at 200 GeV and π0 and η cross sections

and ALL at 500 GeV. The PI is also a member of internal review committee on A
η
LL measurement

from runs 2005 and 2006 as well as η to π0 cross section ratio paper. Two graduate students, Hari
Guragain and Behnam R. Arayafar, joined the PI in August 2010. Both are expected to finish their
basic courses and qualifier exams by the end of Spring 2011, and will be able to play a major role
in the data analysis starting in Summer 2011. Currently, they are being transitioned into research
with small duties to get them ready for larger projects in the summer. Mr. Guragain is expected
to work on W -decay muon AL from runs 2011 and 2012 data, while Mr. Arayafar is expected to
work on ALL for inclusive η production from run 2011 at 500 GeV. Currently, start-up funds are
being used to pay for travel expenses for the PI and to pay salary for Mr. Guragain, however,
Mr. Arayafar is enrolled as a part time student to be able to support himself. The PI requests
support for the graduate students for the next three years to work on their projects toward Ph.D.
in addition to the PI’s summer salary and travel expenses for the PI and students.

4 Project Objectives:

The polarized p+p collisions at the Relativistic Heavy Ion Collider (RHIC) provide a very suitable
environment, rich with strongly interacting probes, to constrain ΔG over wide x-region. In addition,
RHIC is in a unique position to cleanly measure the sea quark and antiquark polarizations, sorted
by quark flavor, through parity-violating production of W bosons. This proposal outlines plans to
benefit from these great aspects and use the support and available resources to achieve the following
objectives:

• Constrain ΔG and possibly Δs over wide x-region via inclusive η asymmetry (Aη
LL) measure-

ments at beam energies of 200 and 500 GeV.

• Disentangle the separate spin contributions carried by the sea quarks and antiquarks by
measuring AL of the W -decay muons at

√
s = 500 GeV. The GSU spin group will specifically

contribute in the following tasks:

– Contribute to the ongoing simulations efforts.
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– Gain a working knowledge of RPC detectors in PHENIX including environmental effects
and gas mixing on various RPC chamber properties such as: dark current, efficiency,
time resolution, and electronic readout characteristics.

– Assist in the RPC installation, testing, and software development.

– Contribute to the data analysis and generating AL of the W -decay muon.

• Explore future physics projects that will further improve our knowledge of the nucleon spin
structure, especially the orbital angular momentum.

5 Education and Outreach

R&D work for PHENIX RPCs is an important part of the PI’s contribution to PHENIX and
used as an educational tool as well. At GSU, we have several small RPC prototypes, some built
locally and others in Korea, and complete monitoring units. Their installation, maintenance and
associated R&D work present excellent opportunities for undergraduate and graduate students at
GSU to have hands on hardware and software experience. The PI and students work with the rest
of GSU nuclear physics group to build complete RPC sets and test them at GSU. Each of these sets
will include a detector and computer-based data acquisition system. The students are trained on
labview and encoureged to write the read out software for the built units which are then used for
cosmic studies and students have to analyze and interpret the data and write a project summary.
Basically a complete small physics experiment that can be an excellent graduation project for
undergraduate students or prepares graduate students for their thesis projects. In addition, the
PI obtained a laboratory space at GSU to house some of the RPC protype chambers that were
used in 2009 for RPC performance testing in PHENIX at 500 GeV. The main objective of having
the prototype at GSU is to study the performance of RPC detectors, including leakage current,
efficiency, timing resolution, and electronic readout characteristics, under different conditions (gas
mixing and various weather parameters). These are ongoing studies at GSU with the current RPCs,
however, the prototypes being studied have much smaller size than the real detectors at BNL which
could affect the conclusions that can be drawn from these studies. The PHENIX RPC prototypes
will provide the most realistic information about PHENIXs RPCs and thus most beneficial. This
project will also provide valauble experience opportinties to students.

The PI also intends to extend these efforts by joining Dr. X. He outreach program to promote
advanced science in high schools in the state of Georgia. Completed cosmic ray monitoring sets,
built up by GSU students, are installed at the local public schools that are interested in participating
in this program and have the ability to provide the appropriate environment. Teachers and students
in these schools will have to maintain the operation of the detectors and participate in the data
analysis. These monitoring stations will be connected through the internet for time-correlated muon
flux measurements which will be recorded at GSU. Some local highschools are already involved and
some teachers joined our team for training and cosmic studies.
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• Member of the forward upgrade group of the PHENIX Collaboration, 2008 - present.

(e) Collaborations & Other Affiliations

• Collaborations and Co-Editors: The PI is currently a member of the PHENIX and the
Neutron Spin Rotation Collaboration. He was also a memeber of the STAR Collabo-
ration until 2009. Both PHENIX and STAR collaborations have many particpants and
won’t be able to fit due to page limitation, thus the PI only list those individuals in the
core group with whom he interacted on a regular basis while working:

1. C. Aidala, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

2. J. Balewski, MIT, Cambridge, MA 02139-4307, USA

3. A. Bazilevsky, Brookhaven National Laboratory, Upton, NY 11973-5000, USA

4. A. Deshpande, Stony Brook University, SUNY, Stony Brook, NY 11794, USA

5. R. Fatemi, University of Kentucky, Lexington, Kentucky, 40506-0055, USA

6. Y. Goto, RIKEN BNL Research Center, BNL, Upton, NY 11973-5000, USA

7. M. Grosse Perdekamp, UIUC, Urbana, IL 61801, USA

8. X. He, Georgia State University, Atlanta, GA 30303, USA

9. D. Kawall, University of Massachusetts, Amherst, MA 01003-9337, USA

10. K. Okada, RIKEN BNL Research Center, BNL, Upton, NY 11973-5000, USA

11. R. Seidl, RIKEN BNL Research Center, BNL, Upton, NY 11973-5000, USA

12. E. P. Sichtermann, LBNL, Berkeley, California 94720, USA

13. B. Surrow, MIT, Cambridge, MA 02139-4307, USA

14. S. Trentalange, University of California, Los Angeles, California 90095, USA

15. J. Ying, Georgia State University, Atlanta, GA 30303, USA

• There are no co-editors to report.

• Graduate Advisers and Postdoctoral Sponsors:

1. Professor Ed Hungerford, University of Houston, Houston, TX 77004, USA (Grad-
uate Adviser)

2. Professor Carl A. Gagliardi, Texas A&M University Cyclotron Institute, College
Station, Texas 77843, USA

3. Professor William Michael Snow, Indiana University Cyclotron Facility, Blooming-
ton, IN 47408, USA

4. Dr. James Sowinski, Indiana University Cyclotron Facility, Bloomington, IN 47408,
USA

5. Professor Robert Tribble, Texas A&M University Cyclotron Institute, College Sta-
tion, Texas 77843, USA

6. Dr. Steven Vigdor, Brookhaven National Laboratory, Upton, New York 11973, USA
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Budget Request and Justification

The budget request is based on the average costs and expenses that the principal investigator
(PI), Murad Sarsour, and colleagues in the Physics and Astronomy Department at Georgia State
University have incurred in the past and the expected cost for the projected research activities.
The annual increase after the first year is the expected 3% annual salary increase. The fringe rate is
27.78% for faculty academic and staff and 17.28% for faculty summer. There are no fringe benefits
for students at GSU at the present time. Detailed description of each category is given in the
following subsections.

1 Personnel Costs

• Senior Personnel (PI)
The PI is a tenure track assistant professor at GSU and is paid on nine month basis for a
total amount of $61k for the current academic year. A two-month summer salary is requested
to be paid from this research grant per budget year.

• Two Graduate Students
Mr. Hari Guragain will work on the W measurement as his Ph.D. project. He started
in August 2010 and being paid from the startup funds until 2011. Mr. Behnam Aryafar,
another graduate student, will wok on the η meson channel as his Ph.D. project. He also
started August 2010. The students are supported mostly by GSU for their tuition and partial
salary (they teach labs through the duration of their graduate school) and just request a
contribution of $15k per student.

The total personnel costs are summarized in the tables below:

Year 07/01/2011 - 06/30/2012

PI (Murad Sarsour, 2 months salary) $13, 556
Two PHENIX Ph.D students $30, 000

Subtotal $43, 556

Year 07/01/2012 - 06/30/2013

PI (Murad Sarsour, 2 months salary) $13, 963
Two PHENIX Ph.D students $30, 900

Subtotal $44, 863

1



Year 07/01/2013 - 06/30/2014

PI (Murad Sarsour, 2 months salary) $14, 382
Two PHENIX Ph.D students $31, 828

Subtotal $46, 210

2 Travel Costs

The detailed travel budget justification is given below:

• Murad Sarsour (PI)
On yearly basis, Murad Sarsour is expected to travel to Brookhaven National Lab four times at
minimum: one trip for data-taking shift, two trips for the yearly two semi-annual collaboration
meetings, and one trip to BNL to help with detector installations and maintenance. On
average, each trip will take about 10 days. The daily cost is about $181 which includes $36
for dorm room, $50 for per diem, $60 for rental car and $35 for airline ticket. Murad Sarsour
also plans to attend the yearly DIS conference or the biyearly spin conference. The estimated
cost for this trip is about $2,000. The total travel budget for Murad Sarsour is $9,240.

• Graduate Students
The two Ph.D students will make at minimum two trips each to BNL for working on their
required service tasks which include regular data-taking shifts and data analysis work. On
average, 10 days per trip per student, a daily cost is about $121 which includes $36 for dorm
room, $50 for per diem, $30 for rental car (they are expected to share rental car) and $35
for airline ticket. In addition, each is expected to give a presentation at one of the national
conferences. The estimated cost for both students is $2000. The total student travel budget
is $8,040.

The total travel costs are summarized in the tables below:

Year 07/01/2011 - 06/30/2012

Murad Sarsour $9, 240
Two PHENIX Ph.D students $8, 040

Subtotal $17, 280

Year 07/01/2012 - 06/30/2013

Murad Sarsour $9, 240
Two PHENIX Ph.D students $8, 040

Subtotal $17, 280

Year 07/01/2013 - 06/30/2014

Murad Sarsour $9, 240
Two PHENIX Ph.D students $8, 040

Subtotal $17, 280
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Current and Pending Support
(See GPG Section II.C.2.h for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel.  Failure to provide this information may delay consideration of this proposal.

Investigator:
Other agencies (including NSF) to which this proposal has been/will be submitted.

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Summ:

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

USE ADDITIONAL SHEETS AS NECESSARYPage G-

Murad Sarsour DOE

Accessing the Proton Spin Structure

NSF
279,909 07/01/11 - 06/30/14

Georgia State University
0.00 0.00 2.00

Accessing the Proton Spin Structure

DOE
279,909 07/01/11 - 06/30/14

Georgia State University
0.00 0.00 2.00
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FACILITIES, EQUIPMENT & OTHER RESOURCES

FACILITIES: Identify the facilities to be used at each performance site listed and, as appropriate, indicate their capacities, pertinent

capabilities, relative proximity, and extent of availability to the project. Use "Other" to describe the facilities at any other performance

sites listed and at sites for field studies. USE additional pages as necessary.

Laboratory:

Clinical:

Animal:

Computer:

Office:

Other:               

MAJOR EQUIPMENT: List the most important items available for this project and, as appropriate identifying the location and pertinent

capabilities of each.

OTHER RESOURCES: Provide any information describing the other resources available for the project. Identify support services

such as consultant, secretarial, machine shop, and electronics shop, and the extent to which they will be available for the project.

Include an explanation of any consortium/contractual arrangements with other organizations.

 

The data are collected by the PHENIX detector which is located at BNL.
At Georgia State University there is detector laboratory that is equipped
with various data acquisition electrons which has been mainly used for our
RPC R&D study since 2005 for the PHENIX Forward Muon Trigger Upgrade.

The major data analysis that include calibrations and event reconstruction
are carried out either at BNL or at the PHENIX Computing Center in Japan
(CCJ). Smaller analysis tasks like extracting final physics probes and
publication works are carried out locally.



COLLEGE OF SCIENCE 

CYCLOTRON INSTITUTE 

Carl A. Gagliardi  
Professor of Physics
 

Cyclotron Institute 
3366 TAMU 
College Station, TX 77843-3366 

Telephone 979-845-1411  
Fax 979-845-1899 
cggroup@comp.tamu.edu

September 28, 2010 
 
To Whom It May Concern: 
 
Dr. Murad Sarsour has asked me to write a letter of support for his proposal, “Accessing the Proton Spin 
Structure.”  I’m very happy to do so. 
 
Dr. Sarsour joined my group as a post-doctoral research associate in 2005.  While at Texas A&M, Dr. 
Sarsour analyzed STAR Collaboration data that were recorded at RHIC during 2005 and 2006 to 
determine the longitudinal double-spin asymmetry ALL for inclusive jet production in p+p collisions at a 
center-of-mass energy of 200 GeV.  This asymmetry provides the most precise information currently 
available regarding the polarization of the gluons within the proton.  Dr. Sarsour did an excellent job!  He 
developed new analysis techniques that led to considerably smaller systematic uncertainties than had been 
achievable with the procedures that had previously been in use within STAR.  In the process, he became 
one of the recognized experts on jet reconstruction in STAR.  The results that Dr. Sarsour obtained with 
the 2006 data were identified, together with related measurements for inclusive 0 production performed 
by the PHENIX Collaboration, as a highlight in the 2007 NSAC Long-Range Plan for Nuclear Physics. 
 
In August, 2008, Dr. Sarsour left Texas A&M to become an Assistant Professor at Georgia State 
University.  Georgia State already had an established group studying relativistic heavy-ion collisions in 
the PHENIX Collaboration at RHIC, so Dr. Sarsour also moved from STAR to PHENIX at that time.  
Switching from one ~500-person collaboration to another is not easy; it takes considerable time and effort 
to become fully integrated in the new collaboration.  Some people never achieve their former level of 
productivity.  Since moving to PHENIX, Dr. Sarsour has been investigating ALL for inclusive -meson 
production.  This analysis has required him to address a completely different set of leading backgrounds 
and systematics than he dealt with when measuring jets.  It pleases – but doesn’t surprise – me to see that 
Dr. Sarsour has navigated the change to PHENIX so well that he is already one of the principal authors of 
a new PHENIX publication describing his  results.  In parallel, he has also begun a simulation effort that 
promises to play a significant role in upcoming PHENIX measurements of longitudinal single-spin 
asymmetries for W± production.  The W measurements will provide important, new information regarding 
the polarization of anti-quarks within the proton, and represent the flagship PHENIX spin physics 
measurement for the next several years. 
 
Dr. Sarsour’s new proposal describes forefront physics measurements that he is eminently qualified to 
perform.  I recommend it to you very strongly for your consideration. 
 
Sincerely, 
 
 
 
Carl A. Gagliardi 
Professor, Department of Physics and Astronomy 
Former Deputy Spokesperson, STAR Collaboration (2005-08) 


