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1 Executive Summary (by Gerry)

Brie¤y describe the physics case/highlights of the RHIC Spin program, the detector and acceler-
ator capabilities and their development, and the plans over the next few years.

In this report we present our research plan for the RHIC spin program. The Department of
Energy’s Of£ce of Nuclear Physics Science and Technology Review Committee, in their report
of September 2004, recommended preparation of a plan that covers 1) the science of RHIC spin,
also in the context of work world-wide; 2) the requirements for the accelerator; 3) resources that
are required including timelines; and 4) the impact of a constant effort budget to the program.
The RHIC Spin Plan Group was charged by Thomas Kirk, BNL Associate Director for High
Energy and Nuclear Physics, to create this plan.

The RHIC spin physics program contributes to a developing understanding of the known
matter in our universe. This matter is predominantly nucleons, protons and neutrons of atomic
nuclei. Deep inelastic scattering of high energy electrons from protons established in the 1960s
that the nucleons are built from quarks.Quantum chromodynamics (QCD) is now believed to be
the theory of the nuclear force, with protons built from quarks and the QCD force carrier, the
gluons.Unpolarized studies have veri£ed many predictions of QCD, probing deeply inside the
proton using unpolarized colliders at very high energy. These experiments have determined with
great precision the unpolarized structure of the nucleons, the distributions of quarks, gluons, and
anti-quarks.

There has also been considerable progress, and a major surprise, studying the spin structure
of the nucleons. Polarized deep inelastic experiments (DIS) from the 1980s to now, done at the
SLAC, CERN, and DESY accelerator laboratories, have shown that the quarks and anti-quarks
in the proton and neutron carry very little of the spin of the nucleon, on average. Roughly 75%
of the nucleon spin must be carried by its gluons and by orbital angular momentum. This was
seen as quite surprising in 1989 when it was £rst discovered. Although the QCD theory does
not yet provide predictions for this structure, it was expected that the quarks would carry the
nucleon spin. This polarized DIS result indicated that the proton and neutron have surprising
spin structure, and probing this structure has become a major focus in our £eld.

The DIS experiments probe the nucleon using the electromagnetic interaction. The electro-
magnetic interaction scatters through electric charge, directly observing the effect of the charged
quarks and anti-quarks in the nucleon, but not the electrically-neutral gluons.

The RHIC spin program, colliding polarized protons at
√
s=200 GeV and above, uses the

strongly interacting quarks and gluons from one colliding proton to probe the spin structure of
the other proton. The RHIC program is particularly sensitive to the gluon polarization in the pro-
ton, which will be independently measured with several processes. In addition, parity-violating
production of W bosons at RHIC will offer an elegant method to directly measure the quark and
anti-quark contributions to the proton spin, sorted by type of quark. These measurements explore
the structure of longitudinally polarized protons. The transverse spin structure of the proton can
be different from longitudinal, and this is also a major topic at RHIC, and large spin asymmetries
have already been observed.

The RHIC spin program is underway. Highly polarized protons, P=45%, have been success-
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fully accelerated to 100 GeV, using unique sets of magnets called Siberian Snakes in the RHIC
accelerator. The £rst polarized collisions at

√
s=200 GeV took place in 2001, and polarization

and luminosity have been increased substantially since then. The RHIC spin accelerator complex
includes a new polarized source providing very high intensity polarized (P=80%) H− ions, new
”partial” Siberian Snake magnets in the AGS accelerator, four ”full” Siberian Snakes in RHIC,
and eight sets of Spin Rotator magnets in RHIC. Polarization is measured with new devices in the
LINAC accelerator, the AGS, and in RHIC. Absolute polarization was determined at 100 GeV
using a polarized atomic hydrogen gas ”jet” target in RHIC in 2004. Progress in polarization and
luminosity has been made by combining machine work with periods of sustained collisions for
physics.

The two large RHIC detectors, PHENIX and STAR, have photon, electron, charged hadron,
and muon detectors, all important for the spin program. Measurements of the unpolarized cross
sections for π0 and direct γ production, reported by the RHIC experiments, are described well
by QCD predictions. These predictions are based on a perturbative expansion of QCD and cal-
culations have been carried out to two orders for all important RHIC spin processes. Theoretical
understanding of these important probes for spin physics at RHIC is robust. First spin measure-
ments from RHIC have been published, showing a large spin asymmetry for π0 produced in the
collision of transversely polarized beams, and a helicity asymmetry for π0 production, sensitive
to gluon polarization, consistent with zero.

We now summarize our £ndings on the four areas in the charge.

Science. Gluon polarization will be measured at RHIC using several independent methods:
π0, jet, direct γ and γ+ jet, and heavy quark production. Results from the different methods
will both overlap to allow us to test our understanding of the processes involved, and expand the
range of momentum fraction for the measurements. We want to learn both the average contri-
bution to the proton spin of the gluons, as well as a detailed map. We use £rst the higher cross
section processes, π0 and jet production, and, as we reach higher luminosity and polarization,
the clean but rarer process of direct γ production. We plan to emphasize these measurements for√
s=200 GeV collisions from 2005-2008. At that time, we expect to have reached a precision

that can clearly distinguish between zero gluon polarization and a minimal (”standard”) gluon
polarization. A large gluon polarization, consistent with the gluon carrying most of the spin of
the proton, would be precisely measured. In this period we will also pursue the question of the
transverse spin structure. Gluons, massless spin 1 particles, cannot contribute to the transverse
spin. Large transverse spin asymmetries have been seen for DIS and now for RHIC, so this topic
is also a potential window into a new understanding of the structure of the nucleons.

Production of W bosons, the carrier of the weak interaction, has an inherent handedness. At
RHIC we plan to use this ”parity violation” signal to directly measure the polarization of the
quark and anti-quark that form the W boson. To do this we will run at the top RHIC energy,√
s=500 GeV. This will provide the £rst direct measurements of anti-quark polarization in the

proton, with excellent sensitivity. We plan to begin these measurements in 2009. The W mea-
surements will require completed detector improvements for both PHENIX and STAR.

The RHIC spin results will provide precise measurements of gluon and anti-quark polariza-
tion. With these results we will also understand the role of the remaining contributor to the
proton spin, orbital angular momentum. We will have also explored our understanding of the
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interconnected results from the different RHIC spin probes, and from the DIS measurements.
The sensitivity at RHIC for gluon polarization is shown in Figure 1, where we also include the
sensitivity for the ongoing DIS experiment at CERN, which measures gluon polarization by the
production of hadrons. From the £gure, we see that RHIC will provide precise results over a
large range in momentum fraction, characterizing the gluon contribution to the proton spin.

Figure 1: Delta G/G(x) vs. log x with a model, showing the x range for various RHIC pro-
cesses and with expected uncertainties. Also indicate 200 and 500 GeV data. Include COMPASS
expected uncertainties for Q2 > 1.

The sensitivity of RHIC for anti-quark polarization is shown in Figure 2. We will measure
the ubar and dbar anti-quark polarization to about ±0.01, as well as u and d quark polarization.
The measurement is direct and very clean, using parity violating production of W bosons. DIS
measurements also study anti-quark polarization. The method has the disadvantage of theoretical
uncertainties on modeling the fragmentation and the advantage that the method is accessible to-
day. The RHIC and DIS methods probe the proton at very different distances, orQ2, where RHIC
corresponds to X Fermi and DIS to Y Fermi, compared to the proton radius 1 Fermi. The theory
of QCD prescribes how to connect the results from different probing distances–the description
of unpolarized DIS results over a very large distance range is one of the major successes of
QCD. Both the anti-quark and the gluon results from RHIC and DIS test the QCD assumption
of universality: the physics for both proton and lepton processes can be described with the same
underlying quark, anti-quark, and gluon distributions.

Figure 2: Delta Q/Q(x) vs. log x with a model, for u, d, ubar and dbar. Show RHIC expected
uncertainties, DIS (or show Ap

1 with DIS measurements and RHIC sensitivities?).

We emphasize that the planned RHIC program will make major contributions to our under-
standing of matter. Our results will complement the DIS measurements, completed and planned.
We include in our report expectations from a next stage of DIS–colliding polarized electrons with
polarized protons and neutrons which probes still further into the structure of matter. As we de-
velop theoretical tools to apply QCD to understand this structure, these spin results will provide
a deep test of our understanding of the fundamental building blocks of matter.

Performance Requirements. The program requires RHIC beams with high polarization, and
high integrated luminosity. For our sensitivities above we have used P=0.7 and luminosity 300
pb−1 at

√
s=200 GeV and 800 pb−1 at

√
s=500 GeV. (Note that this would be ”delivered” lumi-

nosity, while the £gures would use recorded luminosity. We would make this point in the body
of the report.)

The polarization level is presently P=0.45, and is expected to reach 70% polarization by
2006. This improvement is anticipated from new Siberian Snakes installed in the AGS in 2004
and 2005.

The average luminosity at store must be increased by a factor 15 to reach the integrated
luminosity goals in three years of running, 10 physics weeks per year. To achieve this will require
completion of the planned vacuum improvements in RHIC, expected for 2007. The luminosity
increase then comes from reaching a bunch intensity of 2×1011. A limit will be caused by beam-
beam interactions that change and broaden the betatron tune of the machine, moving part of the
beam into a beam resonance region where beam is then lost. Work in 2004 discovered a new
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betatron tune for RHIC that greatly improves loss from the beam-beam interaction. RHIC at our
luminosity goal will be above previously reached tune spread limits, and will be close to vacuum
limits from the development of electron clouds.

Reaching these goals requires learning by doing. We plan to study limits and develop ap-
proaches to improve the polarization and luminosity during physics runs by including beam stud-
ies for one shift per day. It is also important that a sustained period of running and development
be followed, if possible each year. It is this approach that has led to the major improvements for
heavy ion luminosity and to our improvements to this date in polarization and proton luminosity.

Experiment Resources. The PHENIX and STAR detectors are complete, for the gluon polar-
ization program. Improvements to both detectors are required to carry out the W physics pro-
gram. Both experiments also plan upgrades that bene£t both the heavy ion and spin programs,
signi£cantly extending the range of physics probes for spin.

PHENIX. The present online event selection for muons, the channel used for W physics, will
need to be improved for the W luminosity. New resistive plate chambers (RPC) are being pro-
posed to provide the tighter event selection, along with electronics changes to the muon tracking
readout. The RPC proposal was submitted to NSF in January 2005, with a cost estimate of $1.8M.
The tracking readout proposal has been submitted to the Japan Society for the Physical Sciences,
with a cost of $1.0M. The planned timeline for both is to complete for the 2008 run.

STAR. New tracking for forward electrons from W decay is necessary for the W program.
It is planned to propose this upgrade in 2006 to DOE, with an estimated cost of $5M, although
research and development on the technology (GEM detectors) is proceeding and the cost estimate
is rough at this time. The forward tracking detector is to be completed for the 2010 run, with part
of the detector in place earlier.

Heavy Ion/Spin Upgrades–PHENIX. PHENIX plans a barrel micro vertex detector which
gives access to heavy quark states and to jet physics based on tracking. The heavy quark data
will add a new probe for gluon polarization at lower momentum fraction (shown on Fig. 1).
The jet information will be used in correlated (γ+jet) measurements, which better determine the
subprocess kinematics for gluon polarization measurement. A second upgrade being planned is
to change the brass ”nose cones”, used as a £lter for the muon arms, to active calorimeters that
will measure photons, π0 and jet energy. The nose cone calorimeters would provide a larger
momentum fraction range for the gluon polarization measurements. Both are important upgrades
for the heavy ion physics program. The vertex detector is planned for the 2008 run, and the nose
cone calorimeter proposal is being developed now.

Heavy Ion/Spin Upgrades–STAR. Expanded forward calorimeters are being proposed for
STAR to NSF in January 2005. The calorimeters will measure the gluon density for proton-
gold collisions, and will also provide very signi£cant spin measurements. With the calorimeters,
forward π0, γ, and jet events can be observed, giving sensitivity to gluon polarization at lower mo-
mentum fraction, as shown on Fig. 1. A second upgrade driven by the heavy ion program, a barrel
inner tracker, will give access to heavy quark measurements for spin. The forward calorimeters
are to be in place for the 2007 run. The barrel inner tracker is to be completed for the 20?? run.

To summarize, the muon trigger improvements for PHENIX and the forward tracking upgrade
for STAR are necessary for the W physics program shown in Fig. 2. PHENIX expects to be ready
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for a full 500 GeV program by 2009, and STAR expects to have part of its detector ready for 2009,
and the full tracker for 2010. Heavy ion/spin upgrades are being planned that signi£cantly expand
the range and sensitivity for spin measurements.

Impact of 10 and 5 Physics Weeks per Year We have been requested in the charge to consider
two scenarios: 10 and 5 spin physics weeks per year. We would like to emphasize that we
expect the actual running plan to be developed from the experiment beam use proposals. Our
consideration of these scenarios should not suggest that we advocate a change to this successful
approach.

We show in Fig. 3 the impact of 10 and 5 spin physics weeks per year. The ”target” represents
the luminosity used for the sensitivities shown in the £gures above. With 10 weeks per year, we
achieve the

√
s=200 GeV target in 3 years, where we assume that we successfully climb the

learning curve to reach the target store luminosity. The 500 GeV running target is also expected
to be achieved in 3 years (there is a natural luminosity improvement for 500 GeV of a factor of
2.5 over 200 GeV from the smaller cross section beams).

With 10 spin physics weeks per year, our proposed target sensitivities can be reached running
at
√
s=200 GeV from 2005-2008, and at

√
s=500 GeV from 2009-2012, where we have assumed

that 2009 will be an ”engineering” year, learning to handle the high luminosity and to commission
the new detectors. This is our proposal.

As can be seen in Fig. 3, running 5 spin physics weeks per year (we have interpreted this as
running 10 spin physics weeks every two years to improve end effects), each program, 200 GeV
and 500 GeV, takes more than 6 years. Under this scenario RHIC would run roughly 25% of the
year, and both the heavy ion and spin programs would be stretched a factor of greater than two in
calendar time.

Fig. 3: pp luminosity projections for 10 and 5 physics weeks per year (5=10/2).

2 The case for RHIC Spin

Spin is one of the most fundamental concepts in physics, deeply rooted in Poincaré invariance
and hence in the structure of space-time itself. All elementary particles we know today carry spin,
among them the particles that are subject to the strong interactions, the spin-1/2 quarks and the
spin-1 gluons. Spin, therefore, plays a central role also in our theory of the strong interactions,
Quantum Chromodynamics (QCD), and to understand spin phenomena in QCD will help to un-
derstand QCD itself. To contribute to this understanding is the primary goal of the spin physics
program at RHIC.

It is a remarkable property of QCD, known as con£nement, that quarks and gluons are not
seen in isolation, but only bound to singlet states of the strong “color” charge they carry. At
the heart of investigating con£nement in QCD is the study of the inner structure of strongly-
interacting particles in nature that are composed of quarks and gluons. Among these, the proton
and neutron are clearly special as they make up all nuclei and hence most of the visible mass
in the universe. Their detailed study is therefore of fundamental interest. Proton and neutron
also carry spin-1/2, which immediately brings the central role of spin in nucleon structure to the

5



fore. It is worth recalling that the discovery of the fact that the proton has structure– and hence
really the birth of strong interaction physics– were due to spin, through the measurement of a
very unexpected “anomalous” magnetic moment of the proton by O. Stern and collaborators in
1933. Today, after decades of ever more detailed studies of nucleon structure, a prime question is
how the proton spin-1/2 is composed of the average spins and orbital angluar momenta of quarks
and gluons inside the proton. Polarization has become an essential tool in the investigation of the
strong interactions through nucleon structure.

Quarks were originally introduced simply based on symmetry considerations, in an attempt
to bring order into the large array of strongly-interacting particles observed in experiment. A
modern rendition of Rutherford’s experiment has shown us that quarks are real. This experiment
is the deeply-inelastic scattering (DIS) of electrons (or, later, muons) off the nucleon, a program
that was started in the late 1960’s at SLAC. A high-energy electron interacts with the nucleon,
via exchange of a highly virtual photon. For virtuality of

√

Q2 > 1 GeV distances < 0.2 fm
are probed in the proton. The proton breaks up in the course of the interaction. The early DIS
results compelled an interpretation as elastic scattering of the electron off pointlike, spin-1/2, con-
stituents of the nucleon, carrying fractional electric charge. These consituents, called “partons”
were subsequently identi£ed with the quarks. The existence of gluons was proved indirectly from
a missing∼ 50% contribution to the proton momentum not accounted for by the quarks. Later on,
direct evidence for gluons was found in three-”jet” production in electron-positron annihilation.
From observed angular distributions of the jets it became clear that gluons have spin one.

The so successful parton interpretation of DIS assumed that partons are practically free (i.e.,
non-interacting) on the short time scales set by the high virtuality of the exchanged photon.
This implied that the underlying theory of the strong interactions actually be relatively weak on
short time or, equivalently, distance scales. In a groundbreaking development, Gross, Wilczek
and Politzer showed in 1973 that the non-abelian theory “QCD” of quarks and gluons, which
had just been developed a few months earlier, possessed this remarkable feature of “asymptotic
freedom”, a discovery for which they were awarded the 2004 Nobel Prize for Physics. The
interactions of partons at short distances, while weak in QCD, were predicted to lead to visible
effects in the experimentally measured DIS structure functions known as “scaling violations”.
These essentially describe the response of the partonic structure of the proton to the resolving
power of the virtual photon, set by its virtuality Q2. It has arguably been the triumph of QCD
that the predicted scaling violations have been observed experimentally and veri£ed with great
precision. Deeply-inelastic scattering thus paved the way for our theory of the strong interactions,
QCD.

Over the following two decades or so, studies of nucleon structure became ever more detailed
and precise. Partly this was due to increased luminosities and energies of lepton machines, cul-
minating in the HERA ep collider. Also, hadron colliders entered the scene. It was realized that,
again thanks to asymptotic freedom, the partonic structure of the nucleon seen in DIS is universal
in the sense that it can also be studied in very inelastic reactions in proton-proton scattering. This
offered the possibility to learn about other aspects of nucleon structure (and hence, QCD), for
instance about its gluon content which is not primarily accessed in DIS. Being known with more
precision, nucleon structure also became a tool in the search of new physics, the outstanding
example perhaps being the discovery of the W± and Z bosons at CERN’s Spp̄S collider. The
Tevatron collider today and LHC in the near future are continuations of this theme.
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A further milestone in the study of the nucleon was the advent of polarized electron beams
in the early seventies. This later on allowed to perform DIS measurements with polarized lepton
beam and nucleon target, offering for the £rst time the possibility to study whether for example
quarks and antiquarks have on average preferred spin directions inside a spin-polarized nucleon.
The program of polarized DIS has been continuing ever since and has been an enormously suc-
cessful branch of particle physics. Its single most important result is the £nding that quark and
antiquark spins provide very little – only about ∼ 20% – of the proton spin. In parallel, starting
from the mid 1970’s, there also was a very important line of research on polarization phenomena
in hadron-hadron reactions in £xed-target kinematics. In particular, unexpectedly large single-
transverse spin asymmetries were seen which, as will be discussed later, may tell us about further
fundamental spin-related properties of the nucleon, but have de£ed a complete understanding in
QCD so far.

In the context of the exploration of nucleon structure achieved so far, it is clear that the RHIC
spin program is the logical continuation. Very much in the spirit of the unpolarized hadron
colliders in the 1980’s, RHIC enters the £eld to start from where polarized DIS has taken us so
far. Here, too, asymptotic freedom of QCD, accessible because of the high energy of RHIC’s
polarized beams, is the tool to investigate the partonic structure of the proton. Experiments
with polarization at RHIC will probe the proton spin in new profound ways, complementary to
polarized DIS. We will learn about the polarization of gluons in the proton and about details
of the ¤avor structure of the polarized quark and antiquark distributions. RHIC will probe the
structure of transversely polarized protons, and it will likely unravel the origin of the transverse-
spin asymmetries mentioned above. RHIC will also investigate polarization phenomena in high-
energy elastic scattering of protons, an equally uncharted area of QCD. Finally, if circumstances
are very favorable, knowledge gathered about the spin structure of the proton could conceivably
be used to turn RHIC into a discovery machine for New Physics. We furthermore see an ep
collider with polarized electrons and protons as the next step after RHIC in our quest to explore
the spin structure of the nucleon and spin phenomena in QCD.

After a brief review of where we currently stand in this £eld, the subsequent sections will
address the most exciting aspects of the RHIC spin physics program in more detail.

2.1 Synopsis of results from polarized DIS (this section and next still under
construction)

Spin physics at RHIC has largely been motivated by the exciting and unexpected results from
the experimental program on polarized DIS over the last ∼ 30 years. The measurements focused
mostly on longitudinal polarization of the lepton beam and the nucleon target. The difference of
cross sections for the case where lepton and nucleon have aligned spins or opposite spins then
gives access to the spin-dependent structure function g1(x,Q2) of the nucleon. Here Q2 is as
before the virtuality of the exchanged photon, and x = Q2/(2P · q) with P and q the nucleon
and photon momenta, respectively. The importance of g1 lies in the fact that it has a simple
interpretation in the parton model, equivalent to considering the lepton-nucleon interaction as a
scattering of polarized leptons off polarized free partons. In the parton model, g1 may be written
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as

g1 =
1

2

∑

q

e2q [∆q(x) + ∆q̄(x)] . (1)

Here the ∆q, ∆q̄ are the helicity distribution functions of quarks and antiquarks in the nucleon,
for example,

∆q(x) = q+(x)− q−(x) , (2)

counting the number densities of quarks with the same helicity as the nucleon, minus opposite.
The kinematic Bjorken variable x is identi£ed with the proton momentum fraction carried by the
struck quark. Note that g1 shows scaling behavior in the parton model, that is, it only depends
on the dimensionless quantity x and not on Q2. This observation, when experimentally made for
the unpolarized structure function F2, suggested that the DIS process is a scattering off pointlike
nucleon consituents; see the previous section.

In QCD, various corrections to Eq. (1) are introduced; at large momentum transfer Q the
most important of them are logarithmic inQ and calculable in QCD perturbation theory thanks to
asymptotic freedom, as described above. With all such corrections, the “leading-twist” expression
for g1(x,Q2) becomes

g1(x,Q
2) =

∑

q

(∆q(x,Q2) + ∆q̄(x,Q2) ) ⊗ [1 + αs(Q)C q
1 + . . .]

+∆g(x,Q2) ⊗ [αs(Q)C g
1 + . . .] . (3)

Here, the symbol “⊗” denotes a convolution in momentum fraction. As can be seen, the par-
ton distributions themselves depend on Q2 in QCD, which is the dependence on the “resolving
power” mentioned earlier. QCD perturbation theory predicts this dependence, also known as
“evolution” of the parton densities, in the form of evolution equations:

µ
d

dµ

(

∆q(x, µ2)
∆g(x, µ2)

)

=

[

αs(µ)

(

∆Pqq ∆Pqg
∆Pgq ∆Pgg

)

+ . . .

]

⊗
(

∆q
∆g

)

(

x, µ2
)

(4)

This is the primary source of scaling violations in polarized DIS. Finally, the terms in square
brackets in Eq. (3) denote perturbative corrections to the hard-scattering processes γ∗q → any-
thing and γ∗g → anything. These corrections, as well as the evolution equations, also involve
contributions from gluon polarization, de£ned in analogy with Eq. (6) as

∆g(x,Q2) = g+(x,Q2)− g−(x,Q2) . (5)

Fig. 1 shows a recent compilation [?] of the world data on g1(x,Q2), and results of a recent
analysis of those data in terms of the ∆q.

Polarized DIS actually measures the combinations ∆q + ∆q̄. From x → 0 extrapolation of
the structure functions for proton and neutron targets it has been possible to test and con£rm the
Bjorken sum rule [?]. Polarized DIS data, when combined with input from hadronic β decays,
have allowed to extract the – unexpectedly small – nucleon’s axial charge ∼ 〈P |ψ̄ γµ γ5 ψ|P 〉,
which is identi£ed with the quark spin contribution to the nucleon spin [?].
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Figure 1: Left: data on the spin structure function g1, as compiled and shown in [?]. Right:
analysis of polarized DIS in terms of spin-dependent parton densities of the nucleon. The shaded
bands display the current uncertainties (statistical only) [?].

2.2 Compelling questions in spin physics

The results from polarized inclusive DIS have led us to identify the next important goals in our
quest for understanding the spin structure of the nucleon. The measurement of gluon polariza-
tion ∆g = g+ − g− is a main emphasis at several experiments in spin physics today, since ∆g
could be a major contributor to the nucleon spin. Also, more detailed understanding of polarized
quark distributions is clearly needed; for example, we would like to know about ¤avor symmetry
breakings in the polarized nucleon sea, details about strange quark polarization, the relations to
the F,D values extracted from baryon β decays, and also about the small-x and large-x behavior
of the densities. Again, these questions are being addressed by current experiments. Finally, we
would like to £nd out how much orbital angular momentum quarks and gluons contribute to the
nucleon spin. Ji showed [?] that their total angular momenta may be extracted from deeply-virtual
Compton scattering, which has sparked much experimental activity also in this area.

• initial information on spin structure of the nucleon, spin “crisis” & spin sum rule
• motivation for studies of gluon polarization ∆g and for further studies of quark polarization
• parton angular momenta
• transverse-spin asymmetries, transversity, parton correlations, parton transverse momentum &
spin, and what they tell us about the nucleon
• physics of elastic scattering
• wider context of nucleon spin structure
• why polarized pp scattering to answer these questions ? What can it probe ? Complementarity
to DIS
(leads into next section)
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2.3 Unpolarized pp scattering (Stefan & Werner)

2.3.1 Introduction

The basic concept that underlies most of RHIC spin physics is the factorization theorem [1].
It states that large momentum-transfer reactions may be factorized into long and short-distance
contributions. The long-distance pieces contain information on the structure of the nucleon in
terms of its distributions of constituents, “partons”. The short-distance parts describe the hard
interactions of these partons and can be calculated from £rst principles in QCD perturbation
theory. While the parton distributions describe universal properties of the nucleon, that is, are
the same in each reaction, the short-distance parts carry the process-dependence and have to be
calculated for each reaction considered.

As an explicit example, we consider the cross section for the reaction pp → π(p⊥)X , where
the pion is at high transverse momentum p⊥, ensuring large momentum transfer. The statement
of the factorization theorem is then:

d σ =
∑

a,b,c

∫

dxa

∫

dxb

∫

dzc fa(xa, µ) fb(xb, µ)D
π
c (zc, µ)

× d σ̂cab(xaPA, xbPB, Pπ/zc, µ) , (6)

where the sum is over all contributing partonic channels a+ b→ c+X , with d σ̂cab the associated
partonic cross section. Any factorization of a physical quantity into contributions associated with
different length scales will rely on a “factorization” scale that de£nes the boundary between what
is refered to as “short-distance” and “long-distance”. In the present case this scale is represented
by µ in Eq. (6). µ is essentially arbitrary, so the dependence of the calculated cross section on
µ represents an uncertainty in the theoretical predictions. However, the actual dependence on
the value of µ decreases order by order in perturbation theory. This is a reason why knowledge
of higher orders in the perturbative expansion of the partonic cross sections is important. We
also note that Eq. (6) is of course not an exact statement. The factorized structure does become
arbitrarily accuracte at very high momentum transfer. At lower momentum transfer, there are
corrections to Eq. (6) as such, which are down by innverse powers of the hard scale. These are
the so-called “power-suppressed” (or, less precisely, “higher-twist”) contributions. They involve
interesting physics per se, as we will see for one example in the section on transverse spin below.
Concerning the study of parton distribution functions they are to be regarded as “contaminations”,
and one has to be sure that they are rather unimportant for the kinematics of interest.

Eq. (6) offers the possibility to study nucleon structure, represented by the parton densities
fa,b(x, µ), through a measurement of d σ, hand in hand with a theoretical calculation of d σ̂. In
this particular example, the fact that we are observing a speci£c hadron in the reaction requires
the introduction of additional long-distance functions, the parton-to-pion fragmentation functions
Dπ

c . These functions have been determined with some accuracy by observing leading pions in
e+e− collisions and in DIS [2]. A graph such as in Fig. 2 serves as an illustration of QCD
factorization [1].

As mentioned above, the partonic cross sections may be evaluated in perturbation theory.
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Figure 2: Factorization in terms of parton densities, partonic hard-scattering cross sections, and
fragmentation functions.

Schematically, they can be expanded as

d σ̂cab = d σ̂
c,(0)
ab +

αs
π
d σ̂

c,(1)
ab + . . . . (7)

d σ̂
c,(0)
ab is the leading-order (LO) approximation to the partonic cross section. The lowest or-

der can generally only serve to give a rough description of the reaction under study. It merely
captures the main features, but does not usually provide a quantitative understanding. The £rst-
order (“next-to-leading order” [NLO]) corrections are generally indispensable in order to arrive
at a £rmer theoretical prediction for hadronic cross sections. Only with knowledge of the NLO
corrections can one reliably extract information on the parton distribution functions from the re-
action. This is true, in particular, for spin-dependent cross sections, where both the polarized
parton densities and the polarized partonic cross sections may have zeros in the kinematical re-
gions of interest, near which the predictions at lowest order and the next order will show marked
differences.

There have already been results from RHIC that demonstrate that the NLO framework out-
lined above is successful. Figure 4 shows comparisons of data from Phenix and STAR for
inclusive-pion production pp → π0X with NLO calculations. As can be seen, the agreement
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Figure 3: Data from Phenix and STAR for inclusive π0 production at RHIC.

is excellent at central and forward rapidities, and down even to p⊥ values as low as p⊥ & 1 GeV.
Similar comparisons are shown for prompt-photon production pp → γX in Fig. ??, showing a
similar level of agreement. We note that such an agreement was not found in previous compar-
isons of NLO calculations and data in the £xed-target regime. The good agreement of the pion
and photon spectra with NLO QCD at RHIC’s

√
S, and the good precision of the RHIC data

provide a solid basis to extend this type of analysis to polarized reactions. They give con£dence
that the theoretical hard scattering framework also used for calculations for RHIC spin is indeed
adequate.

Fig. 5 decomposes the π0 cross section at central rapidities into the contributions from the
two-parton initial states. It is evident that for p⊥ ≤ 15 GeV processes with initial gluons dominate
by far. This is even more pronounced in case of prompt-photon production, where the Compton
process qg → γq is responsible for more than 90% of the cross section. This implies that such
reactions are excellent probes of gluons in the nucleon, and suggests to use them in polarized
collisions to learn about gluon polarization. We will now turn to polarized pp collisions at RHIC.

2.4 Probing the spin structure of the nucleon in polarized pp collisions
(Marco & Werner)

The basic concepts laid out so far for unpolarized inelastic pp scattering carry over to the case of
polarized collisions: spin-dependent inelastic pp cross sections factorize into “products” of po-
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Figure 4: Data from Phenix for inclusive pp→ γX production at RHIC.

larized parton distribution functions of the proton and hard-scattering cross sections describing
spin-dependent interactions of partons. As in the unpolarized case, the latter are calculable in
QCD perturbation theory since they are characterized by large momentum transfer. Schemati-
cally, one has for the numerator of the spin asymmetry:

d∆σ =
∑

a,b=q,q̄,g

∆a ⊗ ∆b ⊗ d∆σ̂ab , (8)

where ⊗ denotes a convolution and where the sum is over all contributing partonic channels
a + b → c + X producing the desired high-pT or large-invariant mass £nal state. d∆σ̂ab is
the associated spin-dependent partonic cross section. Eq. (8) equally applies to longitudinal and
transverse polarization. In the former case, the parton densities are the helicity distributions
introduced in the previous section, and the spin-dependent partonic cross sections are de£ned as

d∆σ̂ab = dσ̂ab(++)− dσ̂ab(+−) , (9)

the signs denoting the helicities of the initial partons a, b. In case of transverse polarization,
the parton densities are the transversity distributions to be discussed in more detail below, and
the partonic cross sections are de£ned similar to 9, but for transverse initial polarization. One
then customarily uses a small δ to designate polarized quantities instead of a captial one. In this
section, we will focus on the longitudinal case; we will return to transverse polarization in the
next section.

Since the partonic cross sections are calculable from £rst principles in QCD, Eq. (8) may
be used to determine the polarized parton distribution functions from measurements of the spin-
dependent pp cross section on the left-hand side. Another crucial point here is that, as discussed
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in the previous section, the parton distributions are universal, that is, they are the same in all
inelastic processes, not only in pp scattering, but also for example in deeply-inelastic lepton nu-
cleon scattering which up to now has mostly been used to learn about nucleon spin structure. This
means that inelastic processes with polarization have the very attractive feature that they probe
fundamental and universal spin structure of the nucleon. In effect, we are using the asymptotically
free regime of QCD to probe the deep structure of the nucleon, which is clearly nonperturbative.

At RHIC, there are a number of interesting and measurable processes at our disposal. The
key ones, some of which will be discussed in detail in the following, are listed in Table 1, where
we also give the dominant underlying partonic reactions and the part of nucleon structure they
probe. Basically, for each one of these the parton densities enter with different weights, so that
each has its own role in helping to determine the polarized parton distributions. Some will allow
a clean determination of gluon polarizations, others are more sensitive to quarks and antiquarks.
Eventually, when data from RHIC will become available for most or all processes, a “global”
analysis of the data, along with information from lepton scattering, will be performed which then
determines the ∆q,∆q̄,∆g.

As we have already mentioned a number of times, the partonic cross sections are calculable in
QCD perturbation theory. The sensitivity with which one can probe the polarized parton densities
will foremost depend on the weights with which they enter the cross section. Good measures for
this are the so-called partonic analyzing powers. The latter are just the spin asymmetries

âLL =
dσ̂ab(++)− dσ̂ab(+−)
dσ̂ab(++) + dσ̂ab(+−)

(10)

for the individual partonic subprocesses. Figure 6 shows these analyzing powers at lowest order
for most of the processes listed in Table 1. One can see that the analyzing powers are usually
very substantial. For future reference, we also give the subprocess asymmetries for transverse
polarization.

It is also very important that the partonic analyzing powers be known accurately. This means
that one should include, where available, at least the £rst-order (“next-to-leading order” (NLO))
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Reaction Dom. partonic process Pol. parton distrib. Status & Ref.

~p~p→ π +X ~g~g → gg ∆g NLO [?, ?]
~q~g → qg

~p~p→ jet(s) +X ~g~g → gg ∆g NLO [?]
~q~g → qg

~p~p→ γ +X ~q~g → γq ∆g NLO [?, ?, ?]
~p~p→ γ + jet +X ~q~g → γq ∆g NLO [?, ?]
~p~p→ γγ +X ~q~̄q → γγ ∆q,∆q̄ NLO [?]
~p~p→ DX , BX ~g~g → cc̄, bb̄ ∆g NLO [?]
~p~p→ µ+µ−X ~q~̄q → γ∗ → µ+µ− ∆q,∆q̄ NLO [?, ?, ?]
(Drell-Yan) NNLO [?]
~p~p→ (Z0,W±)X ~q′ ~̄q → (Z0,W±) ∆q,∆q̄ NLO [?, ?, ?]
p~p→ (Z0,W±)X

Table 1: Key processes at RHIC for the determination of the parton distributions of the longi-
tudinally polarized proton, along with the dominant contributing subprocesses, the parton dis-
tribution predominantly probed, and the status of the theoretical calculations for the partonic
hard-scattering cross section.

Figure 6: Spin asymmetries for the most important partonic reactions at RHIC at lowest order in
QCD. Left: helicity dependence, right: transverse polarization.

QCD corrections to the partonic hard-scattering cross sections. NLO corrections signi£cantly
improve the theoretical framework; it is known from experience with the unpolarized case that
the corrections are indispensable in order to arrive at quantitative predictions for hadronic cross
sections. Indeed, as we have seen in the preceding subsection, the perturbative framework at NLO
leads to an excellent agreement of theory calculations with RHIC high-pT cross section data in
the unpolarized case. The past few years have seen a tremendous progress on the correspond-
ing calculations of NLO corrections for the spin-dependent proceses, with the corrections now
known for literally all relevant processes. In some cases, next-to-next-to-leading order (NLLO)
corrections are known, and all-order QCD resummations of large perturbative corrections have
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been applied occasionally. In summary, all tools are in place now for an adequate theoretical
treatment the spin reactions relevant at RHIC.

We will now address some of the most important processes in more detail, summarizing
theoretical predictions and experimental plans and prospects at RHIC. We will start with those
that are sensitive to gluon polarization in the proton, and then discuss W production which will
give information about the quark polarizations.

2.4.1 Mapping gluon helicity preferences

As follows from Table I and from Fig. 7, gluon polarization can be probed in a variety of ways
at RHIC, illustrated also by the LO Feynman diagrams in Fig. 8. All of the approaches discussed
in this subsection have the distinct advantage over deep inelastic lepton scattering that the gluons
are directly involved at leading order, via partonic processes marked by large gluon spin sensi-
tivity in measured two-spin helicity asymmetries ALL. This direct sensitivity promises to allow
substantial improvements over DIS analyses in both the statistical and systematic uncertainties in
the extraction of ∆g(x). Access to a number of alternative reaction channels, with distinct exper-
imental and interpretational challenges outlined below, is especially important to demonstrate the
robustness and systematic uncertainty reduction of gluon polarizations extracted at RHIC. Other
tests of robustness involve comparison of results for a given Bjorken x range of the participating
gluons, probed at different QCD scales (i.e., different pT values) and with different constraints
on the ¤avor and x-range of the colliding partner partons. In addition, it will be important to
compare quark polarizations extracted from RHIC spin analyses to those from DIS. The need for
these cross-checks strongly in¤uences our estimates below of minimal requirements on running
time and beam performance: we aim to improve the statistical precision in gluon helicity prefer-
ences over current DIS analyses by at least a factor ≈ 3, even for the weakest (but cleanest) of
the pp channels used to probe the gluons.

As the proton collision luminosity and beam polarization steadily improve over the coming
few years, STAR and PHENIX will address the gluon polarization with a progression of probes.
The earliest measurements will exploit the abundant channels for inclusive pion and jet produc-
tion, both of which arise at LO from parton-parton elastic scattering processes. The large cross
sections for these processes, and the solid NLO understanding of the π0 production cross sections
measured by PHENIX and STAR even down to pT < 2 GeV/c (see Fig. 3), promise statistically
and systematically signi£cant sensitivity to ∆g(x) even with modest integrated luminosities. In-
deed, PHENIX has already published [?] £rst ALL data for π0 production from RHIC run 3 (see
Fig. 9), where integrated luminosities of only a few hundred nb−1 and beam polarizations≈ 30%
already provided statistical sensitivity to gluon polarization approaching that of the existing DIS
database. The improved luminosity and beam polarization anticipated for run 5 should provide an
order of magnitude decrease in statistical uncertainties, as re¤ected in the projections of PHENIX
data for pion production (Fig. 9) and STAR data for inclusive jet production (Fig. 10), with still
greater improvements anticipated in subsequent years. The projected uncertainties in these £g-
ures are based on measurements already made, and hence they incorporate realistic π0 and jet
triggering/reconstruction ef£ciencies (∼ xx% and yy%, respectively). Even the anticipated run 5
data alone would allow a signi£cant reduction from the ∆g(x) uncertainties characterizing cur-
rent DIS analyses, as represented by the error bands on the theoretical calculations shown in Figs.
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9 and 10.

The disadvantages of the inclusive hadron and jet production channels arise from the pT -
dependent competition among gg, qg, and qq partonic scattering subprocesses (see Fig. 5). The
£rst two of these provide quadratic and linear sensitivity, respectively, to ∆g(x), while the qq
contribution dilutes the sensitivity. The competition depends on parton fragmentation functions,
including at high momentum fractions (z >

∼0.8) where they are not well measured. This is true
even for jet detection, because the possible bias of various jet triggers in favoring one partonic
subprocess over another depends on the fragmentation details. Furthermore, the inclusive yields
involve a convolution over a substantial range of partonic x-values (see Fig. 6), and for the hadron
production, over a signi£cant range of partonic pT values and hence QCD scales. While the
quantitative implications of these complications for systematic uncertainties in extracted gluon
polarizations are under study, it is important as well to supplement the inclusive pion and jet
measurements with investigations of more selective channels.

One way of varying the partonic subprocess sensitivities in a controlled manner is to measure
ALL for coincident detection of hadron or jet pairs, as a function both of pT and the angles and
angle differences between the detected particles. For example, dijets of substantial pT that are
azimuthally back-to-back (∆φ ≈ π), but both at forward rapidity (η1 ≈ η2 6= 0), arise prefer-
entially from quite asymmetric partonic collisions, where the unpolarized pdf’s in the nucleon
favor qg scattering. This kinematic correlation is illustrated by PYTHIA simulations in Fig. 11,
which show, for a detected hadron pair at £xed pT with one particle at forward angles, that the
lower parton x-value probed decreases rapidly with decreasing magnitude |∆η| of the pseudo-
rapidity interval between the two hadrons, with a consequent variation of the parton subprocess
parentage. Thus, for example, ALL measurements for forward pion pairs should be especially
sensitive to the polarization of low-x gluons. The correlation also implies that di-hadron or di-jet
measurements can be made to emphasize qq scattering, and sensitivity to quark (for comparison
to DIS results) over gluon polarization, by concentrating on sizable pT and large |∆η|.
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Still cleaner subprocess selection can be made with the rarer, semi-electromagnetic process
of direct photon production: pp→ γX or pp→ γ+jet+X . In RHIC kinematics, this channel is
dominated (at the ∼ 90% level) by QCD Compton scattering, qg → qγ, providing strong, linear
and nearly undiluted sensitivity to ∆g(x). While there have been dif£culties in understanding
direct photon cross sections measured in earlier £xed-target experiments [?] quantitatively in a
pQCD context, the NLO theory provides a good description of the unpolarized pp → γX cross
section already measured at RHIC (see Fig. ??), giving con£dence that analogous predictions
for ALL should be realistic. [This sentence is based on Werner’s text – do we really have a
detailed comparison with direct photon cross sections from PHENIX already? –SV] Another
advantage of this channel is that measurement of the isolated photon’s pT in an electromagnetic
calorimeter determines the transverse momentum of the dominant partonic process, hence the
QCD scale at which the gluon polarization is being probed, modulo small ambiguities associated
with intrinsic transverse momentum of the partons before they collide.

Figure 12 shows such theoretical NLO calculations of Aγ
LL for inclusive photon production at

RHIC, for both
√
s=200 and 500 GeV. The calculations include an isolation cut on the photon, as

will have to be imposed experimentally to suppress contributions from jets that have an energetic
photon, or a decaying π0 that cannot be adequately discriminated from a single photon, as one
of the fragments of a scattered quark or gluon [?]. The projected experimental error bars in Fig.
12 represent statistical and background subtraction errors with realistic pT cuts, achievable at
RHIC with beam polarizations of 0.7 and integrated luminosities recorded at STAR or PHENIX
of 100 pb−1 at 200 GeV and 300 pb−1 at 500 GeV. Comparison of these error bars with the
present theoretical uncertainty band shows that, despite the small cross section for prompt photon
production, one can substantially improve upon present uncertainties in the gluon polarization in
realistic RHIC running times. If the interpretation of the results in terms of gluon polarization
turns out to be consistent with that from the higher statistics channels discussed above, this will
place meaningful constraints on interpretation uncertainties within pQCD.

Inclusive direct photon asymmetries at given measured photon pT probe gluon polarizations
over a narrow partonic momentum transfer scale, but still involve a convolution over a broad
range of gluon x-values. The most effective way to provide an experimental map of the so far
unconstrained shape of ∆g(x) is to measure coincidences between the photon and the jet or lead-
ing hadron that emerges from the away-side quark from Compton scattering. Such coincidence
measurements permit signi£cant event-by-event constraints on the colliding parton kinematics.
These constraints, in turn, allow important tests of the robustness of the interpretation, by seeing
if measured asymmetries exhibit the predicted variations as one changes the x-value (hence, the
polarization) of the colliding quark, the momentum transfer for £xed x, etc. Since a jet accompa-
nies each direct photon, and with suf£cient detector acceptance the jets can be reconstructed with
good ef£ciency, one does not have to sacri£ce signi£cant statistical sensitivity in comparison to
the inclusive measurements [?].

The possibilities with pp→ γ + jet + X measurements are illustrated by STAR simulations
in Fig. 13. Here, a LO analysis of the parton kinematics from the detected photon and jet
properties has been used to determine the quark and gluon x-values event by event. Conservative
cuts requiring pT ≥ 10 GeV/c and xgreater ≥ 0.2 (the latter to select the quarks with highest
polarization) have been imposed on the events included in Fig. 13. The simulations illustrate
both the ALL values predicted for one particular parameterization of gluon polarization, and
the statistical uncertainties achievable in x∆g(x) for three different parameterizations consistent
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with the DIS database. Under the minimal RHIC spin luminosity scenarios de£ned herein, one
can distinguish readily among such distinct parameterizations. The ultimate analysis of such
coincidence data will, of course, be performed within the same global NLO framework as used
for the inclusive channels, but the LO simulations of Fig. 13 provide insight into the sensitivities.

One £nal set of channels that will be used at RHIC to probe gluon polarization involves the
production of particles with open charm or bottom quarks. These proceed predominantly via
gluon-gluon fusion, g + g → q + q, providing quadratic sensitivity to ∆g(x). The decay of
heavy-¤avor mesons dominates the inclusive production of leptons in the ∼ 2− 10 GeV/c range,
so that the highest statistics measurements of heavy ¤avor production will be made via the in-
clusive electron or muon spectra. Forward lepton detection would provide access to gluons at
low x. Figure 14 shows PHENIX projections of ALL uncertainties attainable via inclusive elec-
tron detection at mid-rapidity. The experimental identi£cation of weakly decaying heavy ¤avor
mesons, discrimination between c and b production, and suppression of other charged hadron
backgrounds could be signi£cantly improved with upgraded inner vertex detectors by demand-
ing a displaced vertex between the detected lepton and a daughter hadron. Other coincidence
measurements can provide clean identi£cation, at the expense of reduced branching ratios, for
speci£c decay branches such as D → Kπ or cc/bb → eµ. RHIC measurements of heavy ¤avor
production, including hidden ¤avor in J/ψ production, will help to test the quantitative level of
understanding of these channels and the assumption of gluon fusion dominance.

For all of the channels discussed above, it will be critical to achieve good statistical precision
at two collision energies,

√
s =200 and 500 GeV. The lower energy will provide essential access

to gluon x >
∼0.1, a range overlapping that of ongoing studies of photon-gluon fusion in the COM-

PASS experiment, where DIS analyses still allow relatively large values of the gluon polarization.
However, one of the most signi£cant promises of the RHIC spin program is also to constrain the
integral of ∆g(x), which measures the net gluon contribution to the proton spin. For this pur-
pose, as can be seen from the simulations in Fig. 13, it is critical to extend the measurements
down to xgluon ≈ 0.01, well below the anticipated peak in x∆g(x). While this extension could
be accomplished, in principle, by extending measurements at 200 GeV to low pT , this approach
might push the boundaries of pQCD applicability, besides running into experimental dif£culties,
e.g. in distinguishing single photons from a far more abundant π0 background. A more robust
probe of the lowest x-values should be attainable at 500 GeV. Furthermore, the comparison of
measurements at the same x-values but substantially different scales, reachable, for example, at
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√
s = 200 GeV and pT ≈ 4 GeV/c vs. 500 GeV and 10 GeV/c, will test both the robustness of the

pQCD treatment and our understanding of the QCD evolution of polarized gluon distributions.

2.4.2 old gluon section, to be discarded

As follows from Table 1, gluon polarization can be probed in a variety of ways at RHIC. This
is important, since it will important cross-checks testing the consistency of the various measure-
ments and of the theoretical framework.

Prompt-photon production. The “gold-plated” channel at RHIC is prompt-photon production
pp → γX which is largely driven by the Compton process qg → γq and is a particularly
probe clean thanks to the photon £nal state. We emphasize again that from the results
shown in the preceding section, Fig. ??, we know that NLO theory provides a good de-
scription of the unpolarized cross section for pp → γX already measured at RHIC, which
gives con£dence that NLO predictions for the double-spin asymmetry for pp → γX are
realistic as well.

Figure 9 shows such theoretical NLO calculations for Aγ
LL at RHIC, for

√
S = 200 GeV.

An isolation cut on the photon has been imposed. The key point is now to assess the
sensitivity to gluon polarization, ∆g. To do this, we choose the sets of polarized parton
distributions by [?] that we already introduced in Figure ??. As we discussed there, the
shaded bands represent the “1-σ” uncertainties with which we currently know the densities
from deeply-inelastic scattering. The authors of [?] provide parameterizations of parton
density sets that span these bands, which are ideally suited for estimating the sensitivi-
ties and expected improvements from RHIC. For the reader’s convenience, we show in
the left part of Fig. 9 again the uncertainty in the polarized gluon density, which turns out
to be the clearly dominant factor here. The shaded band translates into the band shown
for Aγ

LL on the right-hand-side, which would then represent the uncertainty related to ∆g
which we would currently have in predictions of that spin asymmetry. For further com-
parison, we also show a theoretical prediction based on a very negative gluon polarization
function [?], which is currently only marginally excluded by the DIS data. The error bars
given in the £gure are projections for statistical errors achievable at RHIC with polariza-
tion P = 0.7 and integrated luminosity L = 100/pb. Figure 10 shows similar results, but
at
√
S = 500 GeV, and with expected errors for P = 0.7 and L = 300/pb. It is evident

that RHIC measurements will signi£cantly reduce the uncertainty in ∆g through prompt
photon measurements alone.

(Anti)quarks from W production (Bernd) 1. Naive pQCD picture/expectation of generation
of QCD sea to be ¤avor symmetric (g -¿ qqbar)

2. Unpolarized result on u/d: ¤avor asymmetry in unpolarized sector

3. Non-perturbative QCD approach to account for this effect and discuss expectation for
polarized case

4. Means to probe the ¤avor structure in the polarized sector:

a. DIS (e.g. SMC): Discuss limitations

b. RHIC SPIN case through W production (Figure 1: Feynman graph)
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5. Discuss reconstruction of W with RHIC detectors (non-hermetic) and argue for leptonic
asymmetries (RHICBOS) besides reconstruction of W rapidity. Stress forward direction
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6. Show expectation for STAR (Figure 2) / PHENIX (Figure 3)

7. Summarize importance of this measurement in QCD: QCD sea production mechanism

2.5 Transverse spin structure

2.5.1 Introduction (Jianwei)

With the proton spin (S) transversely polarized with respect to its momentum (P ) or the collision
axis, new asymmetries, in particular, the single spin asymmetries (SSA), which are otherwise
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Figure 15:
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Figure 16: Same as Fig. 9, but for pp→ π0X at central rapidities.

forbidden in QCD, are theoretically allowed. Measurements of transverse spin asymmetries can
not only provide additional information on parton’s helicity distributions inside a proton, but

24



x

x∆g

Q2 = 5 GeV2

GRSV ∆g = -g

BB2 ∆g ± error

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

10
-3

10
-2

10
-1

1
pT [GeV]

ALLAπ

L = 100 / pb

P = 0.5

-1 ≤ η ≤ 2

GRSV ∆g = -g

BB2 pdfs ± error

-0.02

0

0.02

0.04

0.06

0.08

0.1

0 5 10

Figure 17: Same as Fig. 9, but for pp→ π0X at slightly forward rapidities, 1 ≤ η ≤ 2.
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Figure 18: Same as Fig. 9, but for pp→ π0X at very forward rapidities, 3 ≤ η ≤ 4.

also probe the proton structure that can never be reached by the observables of longitudinal spin
asymmetries.

Parton distributions f(x) and corresponding helicity distributions ∆f(x) provide excellent
microscopic information on parton helicity structure inside a proton. However, complete parton
helicity structure requires our knowledge of a novel helicity ¤ip chiral-odd quark distribution -
known as the transversity distribution δq(x), which can only be measured in terms of transverse
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Figure 19: Same as Fig. 9, but for pp→ jetX at rapidities, 1 ≤ η ≤ 2 and
√
S = 500 GeV.
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Figure 20: Same as Fig. 19, but for
√
S = 200 GeV.

spin asymmetries because of its helicity ¤ip nature. Transversity distribution δq(x) is as funda-
mental as f(x) and ∆f(x) in QCD. But, it is not completely independent because of the Soffer’s
Inequality,

|2 δq(x)| ≤ q(x) + ∆q(x) ,

which is valid for each quark ¤avor q. Independent measurements of δq(x) and ∆q(x) can help
putting limits on each other. The size of δq(x) is crucial in generating double transverse-spin
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asymmetries, ATT , as well as single transverse-spin asymmetries, AN .

Single longitudinal-spin asymmetries for single particle inclusive production vanish because
of parity and time-reversal invariance. However, signi£cant single transverse-spin asymmetries,
AN , of ten or more percent of the unpolarized cross sections, were recorded by Fermilab E704
experiment in the beam fragmentation region of hadronic π production at pT as large as GeV [32].
Since then, nonvanishing single transverse-spin asymmetries have been observed in lower energy
hadronic collisions [33] and semi-inclusive lepton-hadron deeply inelastic scattering (SIDIS) [34,
35], as well as, in much high energy pp collisions at RHIC [36].

Theoretically, on the other hand, it was pointed out long ago [31] that perturbative QCD calcu-
lation at leading power in collinear factorization formalism predicts vanishing single transverse-
spin asymmetries, AN , in single hadron inclusive production at high pT . Because of Lorentz
invariance of QCD, we need at least four vectors including the spin vector to construct a phys-
ically observed SSA. With a proton spin vector S not parallel to its momentum, a hadron level
SSA can be constructed to be proportional to εµναβSµP ν

AP
α
Bp

β with beam momenta, PA and PB ,
and observed particle momentum p. However, inclusive production of a high pT single parton
in collision between two massless collinear partons does not have enough vectors to construct a
parton level SSA. Additional transverse direction from parton’s kT or physical polarization of an
extra gluon is necessary to connect to the spin vector S for generating the SSA. Therefore, mea-
suring single transverse-spin asymmetries in hard collisions directly probe partons’ transverse
motion as well as multiparton correlations inside a hadron. Single transverse-spin asymmetries
generated by parton’s transverse motion in a transversely polarized hadron is characterized by the
Sivers function [37]. Single transverse-spin asymmetries can be also generated by the Collins’
fragmentation function from a polarized parton [38]. Within the collinear factorization formal-
ism, single transverse-spin asymmetries are consequences of coherent multiparton interactions
characterized by high twist matrix elements, and the rising xF dependence of the asymmetries is
a natural result of the short distance dynamics [40, 41].

QCD factorization is necessary for reliable calculations of single transverse-spin asymmetries
in hadronic collisions. For extracting Sivers function and Collins function, which are sensitive to
the information of partons’ intrinsic transverse momenta, a kT factorization formalism is required
[39]. Since dynamics at parton’s typical intrinsic kT is nonperturbative, additional hard scale,
such as Q2 in SIDIS, is necessary for reliable perturbative QCD calculations of single transverse-
spin asymmetries at pT ∼ O(kT ) [?]. Since pT is only large momentum scale in inclusive
single hadron production in hadronic collisions and QCD factorization fails when pT ∼ O(kT ),
single transverse-spin asymmetries at large enough pT are probes of multiparton correlations
(or high twist matrix elements), which are as fundamental as parton helicity distributions [40].
The leading twist-3 quark gluon correlation function responsible for the high pT and xF single
transverse-spin asymmetries gives a measurement of typical size of color Lorentz force inside
polarized hadron [40]. When pT decreases, nonperturbative physics at the scale of intrinsic kT
becomes more relevant the asymmetries should be roughly proportional to the dimensionless
coef£cient: pTM1/(p

2
T +M2

2 ) where M1 ∼M2 are typical nonperturbative hadronic scales (e.g.,
gluon condensate scale, or diquark mass in Ref. [?]). Measurement of single transverse-spin
asymmetries as a function of pT is an excellent probe of both perturbative and nonperturbative
QCD dynamics.

• history, previous AN measurements (Les,Matthias,Akio)

27



-0.2

0.0

0.2

0.4

0 0.2 0.4 0.6 0.8

Total energy
π0 mesons

xF

A
N
 (

A
ss

u
m

in
g

 A
C

N
I =0

.0
13

)

Collins

Initial state twist-3
Final state twist-3

Sivers

〈pT〉 = 1.0 1.1 1.3 1.5 1.8 2.1 2.4 GeV/c

N

 (GeV/c)Tp
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

N
A

-0.2

-0.15

-0.1

-0.05

-0

0.05

0.1

0.15

0.2
h+
h-

0π PHENIX Preliminary

Polarization scaling error ~30% not included

Figure 21: Single Spin asymmetry AN for π0 production at STAR (Left), π− production at
BRAHMS (Middle) as function of xF at forward rapidity. AN for π± production from PHENIX
(Right) as function of pT at mid-rapidity.

- Description of E704[32] and why it was a surprise[31]
- Theory developments since then: Sivers[37], Collins[38] and Boer[39] with kT factorization.
Also describe collinear twist-3 approach[40, 41]
- Predictions for

√
s = 200 GeV[42, 43, 40, 41] and more recent developments[44]

- More recent pp experiments[33] and SDIS experiments[34, 35]
- RHIC results[36], AN at large xF stays at an order larger

√
s

- Need cross section at
√
s = 200 GeV arguments? Note that there is separate section for it

- Fig21 shows AN from 3 RHIC experiments

• mapping AN in xF and pT plane (Les,Matthias,Akio)
- Mapping AN in xF and pT plane
- pQCD prediction of 1/pT dependence and importance of measurement, need for more data
- Interests in very large xF [45] and soffer bounds[46]
- Negative xF and sensitivity to gluon Siver’s functions[44][36]
- Global £ts with pp data and SDIS(?)
- L and P requirements
- Fig22 shows projection for AN as function of pT for STAR

• Away side di-jet/hadron for Sivers (Les,Matthias,Akio)
- Need to go beyond inclusive measurement to disentangle different effects (except AN for “in-
clusive” jet at forward)
- Di-jet measurement for gluon sivers measurement for non-power supressed/direct kT sensitivity[47]
- Di-hadron measurements at forward→ to access large x quark sivers?
- Connection to parton motion/orbital angular momentum/GPD, “modi£ed” universality, etc?
(maybe in theory section?)
- L and P requirements
- Fig23 shows theory prediction for di-jet AN (no exp error estimate yet)
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Figure 22: Statistical error projection for AN as function of pT for π0 production at STAR. A
theory prediction for Collins effect (need citation!) for xF = 0.5 is also shown.

Figure 23: Predictions for the spin asymmetry AN for back-to-back dijet production at sqrts =
200 GeV, for various different models for the gluon Sivers function. The solid line marked as
“(iii)+Sud” shows the impact of leading logarithmic Sudakov effects on the asymmetry for model
(iii)[47].
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Figure 24: Maximally possible ATT for single-inclusive jet production at sqrts = 200 and 500
GeV as a function of pT. Jet rapidities are integrated over −1 < η < 2. The shaded bands
represent thetheoretical uncertainty in ATT estimated by varing scale by factor 2. Also indicated
as error bars is the expected statistical accuracy with design luminosity of the RHIC [51].

• Near side di-hadron for Collins (Les,Matthias,Akio)
- Transversity, last unmeasured leading twist quark PDF, no gluon transversity, Lattice results(maybe
in theory section?)
- Collins and Interference FF[38], and describe models[48]
- How to measure - azimuthal correlation between hadrons within a jet
- Getting FF from e+e- to turn into Transversity measurement[49][50]
- Measuring over large pT and rapidity range to see xBJ dependence of transversity
- L and P requirements
- Fig(yet coming): transversity measurement at PHENIX with 30/pb and P=0.5 by Matthias

• ATT (jet, photon, DY) and beyond (Les,Matthias,Akio)
- This measures δq × δqbar [51], no need for FF, but small
- DY need more luminosity[52]
- Transversity from J/psi[53]
- Sivers from D mesons[54]
- L and P requirements
- Fig24 shows maximum Ajet

TT and projection for STAR acceptance

• assess what requirements would be for key measurements here, and how they would com-
pare to longitudinal running(Les,Matthias,Akio)
- 3/pb, p=0.5 : Inclusve
- 10/pb, p=0.5 : Sivers from di-jet/hadron
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- 30/pb, P=0.5 : Transversity measurement from di-hadron correlations within a jet
- 100/pb, P=0.7 : ATT of jet/hadron
- 1000/pb, P=1.2 : DY
- 1/3 to 1/4 of beam time, and we’ll have intermediat physics as LP develops.
- STAR and PHENIX are independent for choice of long and trans
- Most of measurements prefers

√
s = 200 GeV

2.6 “What else is going on in the world”

• brie¤y discuss current efforts in DIS and their expected results & timelines (Ernst, Akio)

2.7 Elastic Scattering of polarized high energy protons (L. Trueman)

2.8.1 Spin dependence of elastic scattering

Historically, when high energy hadronic beams at new accelerators £rst became available, near-
forward elastic scattering was at the center of attention. It is the simplest process to describe in
detail; at the same time because it is a low-t, long-distance phenomenon, it is in the domain of
non-perturbative QCD where no precise calculations can be made. The most highly developed
approach is based on Regge theory. In this theory calculations of fundamental quantities from
£rst principles is not now possible, but it has been used to successfully organize and correlate
data over a very large energy region and ultimately should lead to important results regarding the
structure of the proton, supplementing the information obtained from the theoretically simpler
short-distance, perturbative QCD results which are currently receiving the most attention.

Elastic scattering for unpolarized protons is characterized by three quantities: the total cross
section σtot, which is given by the imaginary part of the forward spin-independent amplitude,
ρ(s), the ratio of the real-to-imaginary parts of the amplitude at t = 0, and the value of the
slope of the forward amplitude B. In the study of unpolarized reactions, the initial spin states
are averaged over, thus losing important information on the interaction dynamics and forces.
All of these elastic scattering quantities have spin dependent variants for both transverse and
longitudinally polarized protons. A little information is known about this spin dependence, but
not much, and the information would be very useful in determining the Regge dynamics.

Measurements of the energy dependence in the low energy region indicate that the spin-
dependent amplitudes are becoming relatively smaller as the energy increases; some have even
speculated that the spin-dependence will vanish asymptotically. This is the issue of the spin-
dependence of the Pomeron couplings, which is presently an open question but should be amenable
to QCD analysis before too many years. The arguments that the Pomeron coupling are spin-
independent are not well-founded, but the belief persists and it is important to investigate it. It
also has practical implications for polarimetry. [?]
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2.8.2 The CNI region

In the very forward region, the nuclear and electromagnetic amplitudes are of comparable magni-
tude, and the interference between them results in a small but signi£cant maximum in the single
transverse spin asymmetry AN making it a useful quantity for polarimetry. [?] Important results
have already been obtained in the RHIC spin program in this region. There have been measure-
ments made near RHIC injection energy (24 GeV/c) using a carbon foil target both at the AGS
(E950) and in RHIC; there have been measurements made with a 100 GeV/c beam on a carbon
target and independently on a gas jet target. In addition, a measurement in the colliding beam
mode has been carried out (pp2pp).

The results from the 100 GeV/c protons on carbon are shown in Fig. 2.8.1
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Figure 25: AN(t) for pC elastic scattering at 100 GeV. The shaded band represents the systematic
uncertainties of the measurement. The solid line in the band is a £t to the data including a
signi£cant hadronic spin-¤ip contriubtion (see text). The result is signi£cantly different from the
no hadronic spin-¤ip prediction (top curve).

It is clear that there is signi£cant hadronic spin dependence even at 100 GeV/c. Parameters
characterizing the size have been extracted from £tting the data with a standard CNI form. [?]

The data from the jet target are shown in Fig.2.8.2. Here a good £t is obtained assuming no
hadronic spin-¤ip, although a best £t allows a small amount. This is consistent with the carbon
data because that target contains equal numbers of protons and neutrons (I = 0) while the proton
target is I = 1. So we learn already from the carbon data that the I = 0 Reggeons (which include
the Pomeron) together have a signi£cant spin-¤ip coupling and then using the jet data we learn
that the I = 1 Regge poles must be suf£ciently strong to nearly cancel the I = 0 at this energy.
The couplings required have been determined and indicate that asymptotically the Pomeron will
contribute about 10% spin-¤ip; i.e. the cancellation leading to no spin-¤ip in pp at 100 GeV/c
will go away as the energy increases. [?].

The limited data now available from the pp2pp experiment indicates a very large spin-¤ip; see
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Figure 26: AN(t) in pp elastic scattering; £lled circles: this experiment, open squares: E704 at
Fermilab. The errors shown are statistical only. The solid line is the CNI – QED prediction with
no hadronic spin-¤ip.

Fig.2.8.3. This indicates a signi£cant hadronic spin-¤ip, even larger than determined from the
other two experiments. Further experiments in the colliding beam mode would be very valuable
in clarifying this discrepancy.

It is clear that further, more precise measurements at higher energy–the prediction of the
model [?] for proton-carbon scattering at 250 GeV/c is shown in Fig. 2.8.4—and larger |t| with
both a proton and a nuclear target are strongly called for.
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Figure 27: AN(t) in pp elastic scattering at 200 GeV c.m. energy. The solid line is the CNI –
QED prediction with no hadronic spin-¤ip.

2.8.3 Additional important measurements

• At somewhat larger −t, the spin dependent asymmetries are sensitive probes of the various
Regge exchanges which contribute the hadronic amplitudes. Of special interest is the C-odd,
three-gluon exchange giving rise to the putative “odderon” which contributes to the observed
difference between pp and p̄p scattering in the dip region. It has a very distinctive interference
pattern with the pomeron at small −t , observable in both AN and the double transverse spin
asymmetry ANN . See Fig. 2.8.5 which shows how the odderon contribution is enhanced in ANN

while the Pomeron is not ( parameters chosen for illustration). [?]
• Passing through the dip region toward the perturbative QCD region, a steep exponential fall
with momentum transfer, characteristic of pomeron exchange matches on to an approximate t−8

dependence at larger −t in the unpolarized cross sections. The latter has a natural interpretation
in terms of three vector exchanges between pairs of valence quarks. Whether these individual
scatterings should be thought of as single gluons, or as (at least in part) perturbative exchanges in
color-singlet con£gurations remains to be seen. This pro£le is fairly stable with energy, even as
the details of its shape change. The observation of a stable pro£le in polarized elastic scattering
at RHIC would surely initiate a new class of theoretical investigations.
• The dramatic spin dependence of proton-proton elastic scattering at moderate −t observed in
the Argonne and BNL experiments of twenty years ago remains an outstanding puzzle. Sensitive
measurements of the same quantities as a function of energy at RHIC could be the key missing
piece.
• Beyond the quantities AN and ANN there are several other double spin asymmetries which
could be measured with the use of spin rotators: ALL, ASS and ASL. These are likely to be small
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Figure 28: Range of predictions for AN(t) for a 250 GeV proton on a carbon target.

and dif£cult to measure, but their values would put strong model-independent constraints on the
pp amplitudes. They could, in principle, be used to provide a self-calibrating polarimeter.
• Inelastic diffractive scattering is closely related soft physics that goes beyond elastic scattering.
This includes exclusive small angle resonance production and various rapidity gap measurements.
These have been carried out for unpolarized protons and are interpreted in terms of the scattering
of the pomeron on the proton or the pomeron on another pomeron (”double pomeron exchange”)
depending on the con£guration. This last has been argued to provide a special source of exotic
mesons and, in particular, glueballs. The systematic extension to the spin dependence is certain
to help our understanding of these processes; for example, how does the φ dependence of the
rapidity gaps depend on the spin state of the proton? Much theoretical work remains to be done
in this area in order to optimize the kinematics and understand the signatures.

2.8 Future plans/ideas at RHIC

2.8.1 Physics beyond the Standard Model (M.J.Tannenbaum)

At RHIC, the standard model parity violating effects are large. In inclusive single jet production,
the leading strong interaction process, the two-spin parity violating asymmetry, APV

LL , due to the
interference of gluon and W exchange is ∼ 1% at

√
s = 500 GeV (see Fig. 30 SM). Of course,

a more spectacular effect at RHIC concerns the direct production of the Weak Bosons, W ± and
Z0, visible through their di-jet or di-lepton decay. The peak from W → Jets is evident in Fig. 30.
Flavor-identi£ed structure function measurements using W ± production are discussed elsewhere
in this document. Here we concentrate on the physics beyond the standard model that is opened
up by searches for parity violating effects at RHIC. A typical example of such a possibility is
quark compositeness or substructure [55]. Composite models of quarks and leptons [56] gen-
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Figure 29: This illustrates the enhancement of the odderon contribution to ANN due to interfer-
ence with the one-photon exchange. The three curves correspond to double-¤ip amplitude/non-
¤ip amplitude =0.05i (pure odderon), 0.05 (pure Pomeron) and an equal mixture.The “pure odd-
eron” curve is typical of the level of sensitivity expected for the RHIC pp2pp experiment .

Figure 30: Prediction [58] for APV
LL in inclusive jet production at RHIC. Solid curve is standard

model (SM), with error bars corresponding to sensitivity with L = 0.80 fb−1 integrated luminos-
ity. Dot-dash curves are contact model of quark compositeness with Λc = 1.6 TeV.

erally violate parity, since the scale of compositeness Λc À MW . Without the Parity Violating
Asymmetry (PV A) handle, detectors at the Tevatron are limited to searching for substructure by
deviations of jet production from QCD predictions at large values of pT . It is dif£cult to prove
that a small deviation is really due to something new. However a few % parity-violation effect
would be a clear indication of new physics. The experimental limit is presently [57] Λc

∼= 1.6
TeV. The estimate of sensitivity to compositeness at RHIC [58] with this value of Λc is shown
on Fig. 30. The error bars shown on the standard model correspond to L = 0.80 fb−1 integrated
luminosity. Structure function uncertainties can be calibrated out using the PV A inW → Jet (in-
clusive) which is clearly visible on the plot. The limits of sensitivity for Λc in the contact model
of quark compositeness [59] are tabulated in Table 2 for the standard L ∼ 1 fb−1 integrated lu-
minosity of the original RHIC-spin run plan. The limits increase sigini£cantly with factors of 10

√
s GeV L(fb−1) Λc (TeV)
500 1 3.3
500 10 5.5
500 100 7.5
650 1 3.8
650 10 6.3
650 100 8.8

Table 2: Limits on Λ(ε = −1) at 95% CL, P=0.7, ∆η = 1, 10% systematic error in Asymme-
try [59].

and 100 increase in luminosity (but for this reaction, are not much improved with increasing c.m.
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energy). For comparison, at the Tevatron, sensitivity is Λc ∼ 4 TeV for L =2 fb−1 (Run II) and
5 TeV for 30 fb−1 (Run III) and Λc ∼ 20-30 TeV at the LHC for L = 10− 100 fb−1. Of course,
even if an anomaly were found at either the Tevatron or the LHC, only RHIC will be able to
provide polarization information on the anomaly to determine what its chiral properties are and
whether it is a new interaction, a supersymmetric particle, or anything with a non-standard-model
spin signature.

2.8.2 Physics beyond the Standard Model (V. L. Rykov and K. Sudoh)

RHIC-Spin potential for uncovering new physics beyond the Standard Model (SM) has been
explored in a number of last decade publications. Our purpose in this section is to illustrate this
new potentiality by means of a few speci£c examples.

The non-SM modi£cations of parity-violating helicity asymmetryAL = (σ+−σ−)/(σ++σ−)
for one-jet production in collisions of the longitudinally polarized protons at unpolarized has been
studied in Refs. [60, 61]. In the AL de£nition above, σ+ and σ− are for the cross sections∗ with
the positive and negative helicities of the initial protons, respectively. In the SM, inclusive jet
production is dominated by the pure QCD gg, gq, and qq scattering which conserve a parity.
However the existence of electroweak interactions through the W ± and Z gauge bosons gives
a small contribution to AL. Consequently, the AL is expected to be nonzero from the QCD-
electroweak interference (as shown in Fig. 31). Additionally, a small peak near ET =MW,Z/2 is
seen, which is the main signature of the purely electroweak contribution. The existence of new
parity-violating interactions could lead to large modi£cations of this SM prediction [63].

The modi£cations due to the presense of quark substructure have been analyzed in Ref. [60]
in the framework of an effective Lagrangian approach. Such effects are generally realized as
quantum effects of new physics where new heavy particles are considered to be decoupled. The
non-SM Lagrangian could be represented in terms of new quark-quark contact interactions† under
the form:

Lqqqq = ε
g2

8Λ2
Ψγµ(1− ηγ5)Ψ ·Ψγµ(1− ηγ5)Ψ , (11)

where Ψ is a quark doublet, g is a non-standard coupling, Λ is a compositeness scale, and ε = ±1.
If parity is maximally violated, η = ±1. Fig. 31 shows how the SM prediction will be affected
by such a new interaction, assuming Λ = 2 TeV, which is close to the present limit obtained for
example by the DØ experiment at the Tevatron [64]. The statistical errors shown are for RHIC
luminosity of 800 pb−1, and for the jets with rapidity |y| < 0.5, and include measuring AL using
each beam, summing over the spin states of the other beam. Due to the parity-violating signal’s
sensitivity to new physics, RHIC is surprisingly sensitive to quark substructure at the ∼2-TeV
scale and is competitive with the Tevatron, despite the different energy range of these machines.
Indeed, a parity-violating signal beyond the SM at RHIC would de£nitely indicate the presence
of new physics [63].

RHIC-Spin would also be sensitive to possible new neutral gauge bosons [61, 62]. A class of
models, called leptophobic Z ′, is poorly constrained up to now. Such models appear naturally in
several string-derived models [65] (non-supersymmetric models may be also constructed [66]).

∗Or differential cross sections.
†It is assumed here that only quarks are composite.
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Figure 31: AL, for one-jet inclusive production in ~pp collisions versus transverse energy, for√
s = 500 GeV. The solid curve with error bars represents the SM expectations. The error bars

show the sensitivity at RHIC for 800 pb−1, for the STAR detector. The other solid curves, labeled
by the product of εη, correspond to the contact interaction at Λ = 2 TeV [60]. The dashed and
dotted curves correspond to different leptophobic Z ′ models. The calculations are at the leading
order.

In addition, in the framework of supersymmetric models with an additional Abelian U(1)′ gauge,
it has been shown [67] that the Z ′ boson could appear with a relatively low mass (MZ ≤ MZ′ ≤
1 TeV) and a mixing angle with the standard Z close to zero. The effects of different represen-
tative models are also shown in Fig. 31 (see Ref. [61] for details). RHIC covers some regions
of parameters space of the different models that are unconstrained by present and forthcoming
experiments, and RHIC would also uniquely obtain information on the chiral structure of the
new interaction. In Ref. [62], it has been suggested to extend this study to the collisions of po-
larized neutrons, which could be performed with colliding at RHIC polarized 3He nuclei [68].
The authors argue that, in case of a discovery, a compilation of the information coming from both
polarized ~p~p and ~n~n collisions should constrain the number of Higgs doublets and the presence
or absence of trilinear fermion mass terms in the underlying model of new physics.

The study of the production cross sections for squarks and gluinos in collisions of longi-
tudinally polarized hadrons has been undertaken in Ref. [69]. The resulting asymmetries are
evaluated for the polarized proton collider RHIC, as well as for hypothetical polarized options
of the Tevatron and the LHC. These asymmetries turned out to be sizable over a wide range
of supersymmetric particle masses. Once supersymmetric particles are discovered in unpolar-
ized collisions, a measurement of the spin asymmetries would thus potentially help to establish
the properties of the newly discovered particles and open a window to detailed sparticle spec-
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Figure 32: The leading order AL predictions for sparticle production at RHIC (see Ref. [69] for
details). Using the full-scale high-energy physics detector of ∼ 4π acceptance, similar to, for
example, the one proposed in Ref. [71], with the capability of measuring multi–jet events and
missing transverse energy is assumed.

troscopy at future polarized colliders. Although non-observation of squark and gluino signatures
at the Tevatron thus turns into the stringent limits on the squark and gluino masses in a frame of
MSSM‡ [70]: mq̃ > 250 GeV, mg̃ > 195 GeV, these limits are substantially weakened if more
complicated supersymmetric models are considered. RHIC energy up to

√
s = 500 GeV is not

suf£cient to produce the MSSM sparticles; however they could be within its reach if supersym-
metry is realized in a more exotic scenario. Some results of “scanning” the space of squark and
gluino mass parameters at RHIC are shown in Fig. 32. One can observe that, in the low mass
region, the asymmetry AL measurements at RHIC for q̃q̃ and q̃g̃ production could be sensitive to
gluino mass, although in q̃q̃ process, the gluino appears only as an exchange particle. The authors
of Ref. [69] conclude that, assuming the design luminosities and beam polarization of 70%, the
asymmetries are statistically measurable for sparticle masses up to 75 GeV at RHIC, 350 GeV at
the Tevatron and well above 1 TeV at LHC, provided experimental uncertainties on them can be
kept under control.

The similar study for slepton production in polarized hadron collisions has been recently
presented in Ref. [72]. However, this channel might not be accessible at RHIC, because, even in
the most optimistic scenarios, the cross section is not expected to exceed 1 fb.

In the examples above, it is assumed that the polarized parton distribution functions (pol-
PDFs) of initial longitudinally polarized hadrons would be known at a suf£cient accuracy for

‡Minimal Supersymmetric Standard Model.
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being able to detect AL deviations from the SM predictions§. Another venue (The best place? -
J. Soffer et al. [75]) to look for a new physics beyond the SM, which does not rely this much on
the precise pol-PDF knowledge, is in the observables that either vanish or are very suppressed
in the SM. The good representatives of such observables are transverse spin asymmetries – sin-
gle or double – for W± and Z0 productions, since these are expected to be extremely small in
the SM [73, 74, 75]. Non-vanishing contributions could arise here for example in the form of
higher-twist terms, which would be suppressed as powers of M 2/M2

W,Z , where M is a hadronic
mass scale and MW,Z is the W± or Z0 mass. Other possible contributions were demonstrated in
Ref. [74] to be negligible as well. New physics effects, on the contrary, might generate asymme-
tries at leading twist.

In Ref. [75], the authors have argued that the existence of R-parity violating MSSM inter-
action would generate the single-spin azimuthal dependences¶ of the charged lepton production
via W± in collision of transversely polarized protons at unpolarized: p↑p → W±X → e±νX
or µ±νX or τ±νX . The results of [75] show that, in this particular extension of the SM, the
asymmetries are likely to be small and, at best, could be just marginally detectable at RHIC.
Nevertheless, this does not exclude that other non-standard mechanisms produce larger effects.

One more mechanism of generating non-zero AN and AT asymmetries in leptoproduction
via W± and Z0 decays is due to anomalous electroweak dipole moments of quarks [75, 76, 77].
Phenomenologically, the presence of anomalous dipole moments could be described as a com-
bination of tensor and (pseudo)scalar qqW and qqZ couplings additional to the standard V and
A couplings. The nonzero AN and AT arise from the interference of these additional couplings
with the SM’s V and A couplings. The SM predictions for anomalous dipole moments of u and
d quarks, which provide the main contribution to the W ± and Z0 production at RHIC, are ex-
tremely small, and their effects are much below the RHIC sensitivity. On the other hand, the
current experimental limits on anomalous dipole moments of quarks‖ are still far above the SM
expectations. The most stringent experimental constraints, applicable to CP-conserving com-
ponents of quark dipole moments, come from the analysis [78] of electroweak data from high
energy colliders. In this analysis, it has been considered that theories beyond the SM, emerging
at some characteristic energy scale above W/Z mass, have effect at low energies E ≤ MW,Z ,
and can be introduced by taking account of an effective Lagrangian that extends the SM La-
grangian LSM : Leff = LSM + δL. To preserve the consistency of the low energy theory, it has
been assumed that the non-SM Lagrangian δL is SU(3)C × SU(2)L × U(1)Y gauge invariant.
The W± and Z0 productions in p↑p collisions at RHIC is expected to have a good sensitivity on
LSM–δL interference at the parton level due to strong correlations between the proton spin and
polarization of high-x valence quarks, that participated in gauge boson production [79]. As it has
been estimated in Ref. [77], the measurements at RHIC, carried out with transversely polarized
proton in the context of the physics discussed in the previous sections, would improve the current
experimental limits [78] on electroweak dipole moments of u and d quarks by a factor of ∼5–10.
But a non-zero result would be a direct indication of a new physics beyond the SM.

•W + c (Yuji ?)
• other opportunities possibly offered by high-luminosity running (and/or a new detector)

§Presumably, the pol-PDFs will be well measured as a part of the mainstream RHIC-Spin program discussed in
the previous sections, as well as at the other facilities.

¶These are AN and AT asymmetries; see Refs. [75, 77] for details.
‖And of τ -lepton.
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• opportunities with polarized beams in p+heavy-ion physics (Les)

2.9 Connection to eRHIC (Abhay)

Addition of a high energy high polarization lepton (electron/positron) beam facility to the existing
RHIC Complex to be able to collide with its hadron beam would dramatically increase RHIC’s
capability to do precision QCD physics. Such a facility with 10 GeV/c polarized electron/positron
has been proposed and is called eRHIC. There are many direct and indirect connections between
the RHIC spin program and the eRHIC. We categorize them in to two groups:

• Direct connections to RHIC Spin: In these the physics observables measured by the existing
RHIC spin physics program will be measured in complementary kinematic regions, or in
some cases augmented to complete the understanding of the nucleon spin.

• Indirect Connection to RHIC Spin: These include measurements not possible with RHIC
Spin, but are of signi£cance to understanding QCD with spin in general or nucleon spin in
particular.

2.9.1 Direct Connections

Directions connections between RHIC Spin and eRHIC are made on three principle topics. The
measurement of polarized gluon distribution, the measurement of quark-anti-quark distributions,
and on transverse physics measurements.

For polarized gluon distribution measurement eRHIC enables increase in the kinematic range
and precision, particularly in the low x. At eRHIC the polarized gluon distribution will be mea-
sured using a) the scaling violations of spin structure function gp/n1 and b) di-jet and high pT
di-hadron production in the photon gluon fusion process.[?] RHIC spin measurements discussed
before will predominantly most signi£cant in in the medium-high x rangex > 10−2, while eRHIC
will complement them with precision on low x (x < 10−2) all the way to x ∼ 10−4 .

RHIC Spin will for the £rst measure model independently the polarized quark and anti-quark
distributions using single longitudinal asymmetry measurements in pp scattering via (W ±) pro-
duction. Analysis of these asymmetries would give us ∆u,∆u,∆d,∆d??. The quark-anti-quark
separation in such a way is not possible in £xed target DIS where the virtial γ is the propogator
of the force which can not differentiate between quarks and anti-quarks. However at high enough
energy-DIS at eRHIC, in addition virtual W± also get exchanged. If ∆q = u, u, d, d are known
by early next decade from RHIC Spin, eRHIC will be able to continue this program in to explore
the heavy quarks i.e. identify the spin contributions from ∆c/c and ∆s/s. Of course, traditional
methods to get quark ¤avor distributions, semi-inclusive DIS measurements using measurements
of charged and neutral pions and kaons will also continue, (quark-anti-quark unseparated) would
give access to low x ¤avor separation in parton distributions as in presently £xed target DIS
experiments.
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Transversity is the last as yet unmeasured spin structure function discussed in detail in ??. The
measurements at RHIC with pp scattering will be made using measurements of Collins Fragmen-
tation Function (CFF), Interference Fragmentation Functions (IFF) and if very large luminosities
are achieved, also with Drell Yan (DY) processes.[?] These measurements will be made in the
center of mass energy range from 200 to 500 GeV. The eRHIC will make a complimentary set of
measurements, with high precision using CFF and IFF measurements, not unlike those made by
the HERMES collaboration presently.

Diffractive physics with polarized pp and ep: More connections?

2.9.2 Indirect Spin Connections

In addition to the measurements eRHIC will do that will extend or complement the investigation
of nucleon spin with RHIC Spin, there is another class of nucleon spin and other helicity related
measurements that could also be made with eRHIC. A partial list includes:

• Measurement of spin structure functions g1 of the proton and neutron and the difference
between then that tests the Bjorken spin sum rule. eRHIC will do this with accuracies that
will for the £rst time start competing and challenging the experimental systematic uncer-
tainties at the level of 1- 2%. Low x phenomenon has been one of the most exciting aspect
of the physics that developed in the unpolarized DIS measurements in the last decade, and
eRHIC will probe that low x kinematics for the £rst time with polarized beams

• eRHIC will be the only possible facility in the foreseeable future at which QCD spin struc-
ture of the virtual photon could be explored. The process employed for this investigation is
that of photon gluon fusion[?].

• Deeply virtual compton scattering (DVCS) for £nal state photons as well as other vector
mesons measured using al most complete acceptance (4π) detectors has been suggested as
a preliminary requirement toward the measurement of the Generalized Parton Distributions
(GPDs). A series of different GPD measurements may be required eventually to extract the
orbital angular momentum of the partons. This is the last part of the nucleon spin puzzle
which we may have to address after the spin of the gluon is understood. Although the theo-
retical formulation is not yet ready, it is expected that by the time the eRHIC comes on line,
there will be a formalism available to take the measured GPDs and determine the orbital
angular momentum of partons. These measurements at eRHIC will be complementary, at
much higher energy scales, to those being planned at Jefferson Laboratory with its 12 GeV
upgrade plan.

• Drell Hern Gerasimov spin rule measurements presently underway at Jefferson laboratory[?]
and at MAMI [?] are mostly at low value of ν[?]. While the signi£cance of the contribution
the spin sum rule from high ν is small, absolutely no measurements exist beyond the value
of ν >≈ 1 GeV. eRHIC will extend direct measurements of the high ν components to up
to 500 GeV.

• Precesions measurements of spin structure functions in very high x ∼ 0.9 region could be
part of the eRHIC physics program with specially designed detectors as has been discussed
in [?].
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In summary, while the physics programs with polarized proton beams at RHIC and eRHIC
have much in the way of complementarity of physics measurements, the way to success at eRHIC
passes through a successful RHIC spin program not only at 200 GeV in center of mass but also
at 500 GeV in center of mass.

3 Accelerator performance (Mei & Wolfram)

Polarized proton beams were accelerated, stored and collided in RHIC at a proton energy of
100 GeV. The average store luminosity reached 4× 1030cm−2s−1, and the average store polariza-
tion 40% (see Tab. 3). Over the next 4 years we aim to reach the Enhanced Luminosity goal for
polarized protons, consisting of an average store luminosity of

• 60×1030cm−2s−1 for 100 GeV proton energy, and
• 150×1030cm−2s−1 for 250 GeV proton energy,

both with an average store polarization of 70%. Tab. 3 gives a projection of the luminosity
and polarization evolution through FY2008. Luminosity numbers are given for 100 GeV proton
energy and one interaction point, with collisions at two interaction points. For operation with
more than two experiments, the luminosity per interaction point is reduced due to an increased
beam-beam interaction. For each year the maximum achievable luminosity and polarization is
projected. Projections over several years are not very reliable and should only be seen as guidance
for the average annual machine improvements needed to reach the goal. We do not give a mini-
mum projection as we usually do in Ref. [80], since the minimum projection is based on proven
performance, and no long polarized proton run was done so far. We also assume that 10 weeks of
physics running are scheduled every year to allow for commissioning of the improvements and
development of the machine performance.

Table 3: Maximum projected RHIC polarized proton luminosities through FY2008. Luminosity
numbers are given for 100 GeV proton energy and one interaction point, with collisions at two
interaction points. 10 weeks of physics operation per year are assumed.

Fiscal year 2002A 2003A 2004A 2005E 2006E 2007E 2008E
No of bunches ... 55 55 56 79 79 100 112
Protons/bunch, initial 1011 0.7 0.7 0.7 1.0 1.4 2.0 2.0
β∗ m 3 1 1 1 1 1 1
Peak luminosity 1030cm−2s−1 2 6 6 16 31 80 89
Average luminosity 1030cm−2s−1 1.5 3 4 9 21 53 60
Time in store % 30 41 41 50 53 56 60
Max luminosity/week pb−1 0.2 0.6 0.9 2.8 6.6 18.0 21.6
Max integrated luminosity pb−1 0.5 1.6 3 20 46 126 151
Average store polarization % 15 30 40 45 65 70 70
Max LP4/week nb−1 0.1 5 23 120 1180 4330 5190

In Fig. 33 the integrated luminosity delivered to one experiment is shown through FY2012 for
two scenarios: 10 weeks of physics operation per year, and 10 weeks of physics operation every
other year. The integrated luminosities differ by about a factor of 3. For every projected year
shown in Fig. 33 the weekly luminosity starts at 25% of the £nal value, and increases linearly
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in time to the £nal value in 8 weeks. During the remaining weeks the weekly luminosity is
assumed to be constant at the values listed in the table. For the scenario with 10 weeks of physics
operation every other year, the £nal values are not increased in years without proton operation,
since no time is available to develop the machine performance. Thus in our projections we reach
the Enhanced Luminosity goal in FY2008 with 10 week physics operation per year, but need until
FY2011 with 10 weeks of physics operation every other year.

For operation at 250 GeV proton energy, the luminosity projections need to be multiplied by
2.5. We expect no signi£cant reduction in the averages store polarization after full commissioning
of polarized proton ramps to 250 GeV.

Figure 33: Maximum projected integrated luminosity through FY2012 for 10 weeks of physics
operation per year, and 10 weeks of physics operation every other year. Luminosity numbers
are given for 100 GeV proton energy and one interaction point, with collisions at two interaction
points.

3.1 Polarization limitations

The RHIC beam polarization at 100 GeV is currently limited by the AGS beam polarization
transmission ef£ciency of about 70%, and the source polarization. With the installation of a new
solenoid in FY2005, the source polarization is expected to increase from 80% to 85%. The exist-
ing AGS polarized proton setup includes a 5% warm helical snake for overcoming imperfection
spin depolarizing resonances and an RF dipole for overcoming 4 strong intrinsic spin resonances.
This setup has two drawbacks:

1. All the weak intrinsic spin resonances are crossed with no correction and result in a total
depolarization of about 16%.

2. Operation with the RF dipole still leads to about 15% depolarization.

In addition, the AGS has shown a dependence of the beam polarization on the bunch intensity.
These shortcomings can be overcome with the installation of a new AGS cold snake, to be initially
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commissioned in 2005. With a scheme that combines the AGS cold snake of 15%, and the AGS
warm snake of 5%, depolarizations at all imperfection and all intrinsic spin resonances should be
eliminated, making the AGS spin transparent with the exception of some mismatch at injection
and extraction.

Obtaining 70% beam polarization in RHIC at 250 GeV is challenging because of strong
intrinsic and imperfection resonances beyond 100 GeV. Betatron tunes and orbit distortions have
to be controlled precisely to avoid depolarization due to snake resonances. Simulations show that
orbit distortions have to be corrected to less than 0.3 mm rms. Orbit errors are introduced due to
misalignments and remain if the orbit cannot be corrected completely. A realignment of the entire
ring is scheduled for the 2005 summer shutdown. Efforts continue to improve the existing beam
position monitor system, and the orbit correction techniques. A beam-based alignment technique
is under development. With the existing hardware and software, orbit distortions of 1 mm rms
were achieved, as measured by the beam position monitors. Acceleration of polarized proton
beams beyond 100 GeV is planned in 2005. The result of this machine development effort will
provide guidance for the tolerable levels of machine misalignments and orbit errors.

3.2 Luminosity limitations

A number of effects limit the achievable luminosity. Currently the bunch intensity is limited to
about 1×1011 to maintain maximum polarization in the AGS. This restriction should be removed
with the AGS cold snake. With intense bunches the beam-beam interaction will limit the lumi-
nosity lifetime. With bunches of 2 × 1011 protons and 2 interaction points, the total beam-beam
induced tune spread will reach 0.015. Operation with more than two collision will signi£cantly
reduce the luminosity lifetime. High intensity beams also lead to a vacuum breakdown, caused
by electron clouds. In the warm sections, NEG coated beam pipes are installed, that have a lower
secondary electron yield, and provide linear pumping. In the cold regions, additional pumps are
installed to improve the vacuum to an average value of 10−5 Torr before the cool-down starts.
With the PHENIX and STAR detector upgrades, the vacuum system in the experimental regions
will also be improved.

Time in store can be gained through faster machine set-up, a reduction in system failures, and
the injection of multiple bunches in each AGS cycle. We project that the time in store can be
increased to about 100 hours per week, or 60% of calendar time.

3.3 Polarimetry

Beam polarization measurements in RHIC provide immediate information for performance mon-
itoring, and absolute polarization to normalize the experimental asymmetry results. Two types of
polarimeters are used. Both are based on small angle elastic scattering, where the sensitivity to
the proton beam polarization comes from the interference between the electromagnetic spin-¤ip
amplitude that generates the proton anomalous magnetic moment and the hadronic spin non-¤ip
amplitude, and possibly a hadronic spin-¤ip term.

One type of polarimeter uses a micro-ribbon carbon target, and provides fast relative polar-
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ization measurements. The other type uses a polarized atomic hydrogen gas target, and provides
slow absolute polarization measurements. In addition, both PHENIX and STAR have developed
local polarimeters that measure the residual transverse polarization at their interaction points.
These polarimeters are used to tune and monitor the spin rotators that provide longitudinal polar-
ization for the experiments. They polarimeters are discussed in the Experiments section.

The fast proton-carbon polarimeter was £rst developed at the IUCF and the AGS [81]. It
measures the polarization in RHIC to ∆P = ±0.02 in 30 seconds. Measurements taken during a
typical store in 2004 are shown in Fig. 34. A carbon ribbon target is introduced into the beam, and
the left-right scattering asymmetry of recoil carbon ions is observed with silicon detectors inside
the vacuum. The silicon detectors observe the energy and time of ¤ight of the recoil particles
near 90◦ [82]. The detector selects carbon ions with a momentum transfer in the coulomb-nuclear
interference (CNI) region, −t = 0.005 − 0.02 (GeV/c)2. In this region, the interference of the
electromagnetic spin ¤ip amplitude and the hadronic non-¤ip amplitude produces a calculable
t-dependent asymmetry of 0.03 to 0.02. The cross section is large, so that the sensitivity to
polarization is large. A term from a hadronic spin ¤ip amplitude is also possible and is reported
in Ref. [81]. This contribution is not calculable, so that this polarimeter must be calibrated using
a beam of a known polarization.
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Figure 34: Measured polarization during one store of RHIC in 2004.

A polarized atomic hydrogen gas jet target was used for the £rst time in RHIC in 2004 [83].
The atoms are polarized with the Stern-Gehrlach process to give electronic polarization, with rf
transition to select proton polarization. The atoms are focused in the RHIC beam region to 6 mm
FWHM using the atomic hydrogen magnetic moment. A Breit-Rabi polarimeter after the RHIC
beam measures the polarization by cycling through rf transition states. The polarization was
determined to be 0.92±0.02, including correction for the measured 2% molecular fraction (4%
nuclear fraction) that is unpolarized. Silicon detectors observe a left-right asymmetry for proton-
proton elastic scattering in the CNI region, similar to the p-carbon polarimeters. By measuring
the asymmetry with respect to the target polarization sign, ¤ipped every 8 minutes in 2004 by
changing rf transitions, we measure the analyzing power for proton-proton elastic scattering. This
is shown in Fig. 35. This (preliminary) result from 2004 provides the most sensitive measurement
of AN , as can be seen in the £gure. By then measuring the left-right asymmetry with respect to
the beam polarization sign, ¤ipping each bunch (every 200 ns), we obtain the absolute beam
polarization. The absolute beam polarization was measured to about ∆P/P = 7% in 2004
(preliminary).
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Figure 35: AN for proton-proton elastic scattering in the CNI region, measured using the polar-
ized atomic hydrogen jet target in RHIC [83]. The open circles are data from E704 at Fermi-
lab [84].

A remaining issue is whether the carbon polarimeter calibration can be used for different
detectors, from year to year, or whether it will be necessary to recalibrate each year using the
jet target. We can also choose to use the jet target as the RHIC polarimeter, with the carbon
polarimeter used for corrections, for example for different polarization of the bunches and for a
polarization pro£le of the beams.

3.4 Long-term perspective

A number of ideas are pursued for long-term improvements of the machine performance. RHIC
II aims at increasing the heavy ion luminosity by an order of magnitude through electron cooling.
For protons, cooling at store is not practical but pre-cooling at injection might be bene£cial. A
further reduction of β∗, especially at 250 GeV proton energy appears possible. Some bene£ts may
also come from stochastic cooling, currently developed for heavy ions. We expect a luminosity
improvement of a factor 2-5 for polarized protons for RHIC II.

With a new interaction region design, the £nal focusing quadrupoles can be moved closer
to the interaction point, thus allowing to squeeze β∗ further. This, however, makes some space
unavailable for the detectors. Additional increases in the luminosity may come from a further
increase in the number of bunches, to close to 360, as is planned for eRHIC, or operation with
very long bunches. The latter requires a substantial R&D effort, as well as a new timing system
for the detectors.
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4 Experiments

4.1 Phenix (Matthias)

• present status & issues to solve
• priorities
• planned upgrades and developments
• required resources

4.2 Star (Steve)

RHIC Spin Report for DOE: Outline of STAR Detector Section 4.2 (each major heading repre-
sents 1 paragraph)

A. Overview of STAR detector and collaboration

1. Figure: cross section of STAR, emphasizing subsystems already added with spin program
as primary driver. 2. Brief description of BBC’s and FPD’s and their use for spin program: Figure
of BBC asymmetries vs. CNI asymmetries, with STAR rotators on and off. 3. Status of barrel
and endcap EMCs; timeline to complete BEMC readout. 4. Use of EMCs in p+p triggers for jets,
photons, (0, W, J/(. 5. Recent expansions of collaboration interests in spin program.

B. Performance of STAR EMC’s

1. Figure: photo of insertion of last BEMC module; photo of completed EEMC. 2. Figure:
event display of dijet with TPC and BEMC; jet neutral/total ET spectrum from BEMC + TPC in
2004 p+p run. 3. Figure: typical SMD pro£le and (0 invariant mass spectrum from EEMC for
2004 p+p run. 4. Brief description of ongoing algorithm development for (0 and ( ID.

C. Motivation for STAR upgrade needs for spin program

1. Improved forward tracking: TPC resolution limits at 40 GeV/c, especially in endcap re-
gion; need for W charge sign discrimination, improved e/h discrimination for W program; fast
tracking minimizes TPC pileup ambiguities. 2. Figure: charge sign discrimination improvements
with model forward tracking vs. TPC alone. 3. Forward extension of calorimetry: primary moti-
vation from studying low-x gluons in nuclei; bene£ts to spin program in low-x and large (( access.
4. Bene£ts to spin from planned STAR upgrades driven by other physics: TOF pion ID for in-
terference fragmentation studies of transversity (?); DAQ upgrades, rate capability, space-saving
for forward tracker; Heavy Flavor Tracker for improved ID of open charm, beauty, sensitivity to
quark mass terms in QCD, etc.

D. Plan for forward tracking improvements

1. Figure: schematic illustrations of inner silicon barrels and disks, and of endcap GEM
tracker under consideration. 2. Envisioned timeline (rough), staging and integration with other
STAR upgrades. 3. Organization of efforts and institutions involved; R&D activities under way.
4. Rough estimate of resources needed to design/construct. 5. Open issues to address: optimum
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tradeoffs between coverage and cost; resolution impact of material at endcap of TPC; others?

E. Plan for Forward Meson Spectrometer

1. Figure: transverse pro£le of proposed calorimeter, and location within STAR. 2. Institu-
tions involved, cost estimate, source of materials and funding, MRI proposal submitted to NSF.
3. Timeline driven by d+Au gluon saturation studies. 4. Open issues to address?

4.3 Other experiments

• Brahms (Flemming)
• New detector
• eRHIC detector

4.3.1 PP2PP running with the current setup (Wlodek)

With a small modi£cation requiring rotation of RP2 and RP4 to horizontal orientation, the present
experimental setup, see Fig. ?? is suitable for additional measurements in an extended |t|-range.
At
√
S = 200 GeV one can use the capacity of existing power supplies to run with the accelerator

optics of β∗ = 20 m. The β∗ = 20 m tune at
√
S = 200 GeV makes it possible to extend the

kinematic coverage to a lower |t| of 0.003 < |t| < 0.020 (GeV/c)2. At
√
S = 500 GeV the optics

with β∗ = 10 m will be used, allowing measurements up to |t| ≈ 0.12 (GeV/c)2.

The result obtained in Run 2003 is shown in Fig. ??. With the modi£cation of the setup
described above one will be able to improve the AN measurements, measure ANN . This will
certainly help resovle the isue of the presence of the hadronic spin ¤ip amplitude at high energies.

• jet (Sandro)

5 Spin plan schedule (Gerry)

In the charge, we were requested to consider two running schedules: 10 and 5 physics weeks on
spin per year. These follow, showing example plans. We emphasize that we expect that the actual
run plan will be developed from the experiment beam use proposals. Our consideration of these
scenarios should not suggest that we advocate a change to this successful approach.

A key issue is the completion of experiment hardware to run the W physics program. The
required hardware are the muon trigger improvements for PHENIX, and a forward tracker for
STAR. The PHENIX improvements are being proposed to NSF ($1.8M for resistive plate cham-
bers) and to the Japan Society for Physical Sciences ($1.0M for muon tracking readout elec-
tronics), with a planned completion for the 2008 RHIC run. The STAR tracker is planned to be
proposed to DOE (estimated $5M) in 2006, and to be complete for the 2010 run.
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Figure 36: Layout of the pp2pp experiment. Note the detector pairs RP1, RP2 and RP3, RP4 lie
in different RHIC rings. Scattering is detected in either one of two arms: Arm A is formed from
RP3U and RP1D. Conversely, Arm B is formed from RP3D and RP1U.
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Figure 37: The single spin analyzing power AN for the full interval. Vertical error bars show
statistical errors, horizontal error bars show the |t|-range. Solid curve corresponds to theoretical
calculations without hadronic spin ¤ip[?].

The example plan below for the 10 physics week/year case is ”technically driven”. The plan
assumes that the funding is received, and the work is completed as planned. For the 5 week
plan, the delay in reaching luminosity goals for

√
s=200 GeV delays the start of the W running

considerably, by greater than three years. An early completion of the W hardware is less of an
issue for this case.

A second key issue is machine performance. We assume that we reach the polarization goal
of 70% in 2006. For luminosity, we assume in the example plan that we reach two thirds of the
”maximum” luminosity (see section 3). This assumption is discussed there.

A third key issue is experiment availability, in which we include up time, live time, and the
fraction of the collision vertex accepted by the experiment. This results in ”recorded luminosity”
for each experiment. We have taken the up time to be 70% for each experiment, as has been
achieved. The live time for PHENIX is 90%, due to multi-event buffering; the live time for STAR
is 50%. The online data selection adjusts thresholds, for example the lower pT requirement, to
reach these live time levels. The PHENIX vertex acceptance for the 200 GeV running is 60%,
requiring the vertex to be within 20 cm of the IP. We have used this acceptance also for 500 GeV.
The STAR vertex acceptance contains all collisions. The overall factor for recorded/delivered
luminosity for both experiments is 35%. The physics sensitivities shown in section 2 also include
apparatus acceptance and event selection acceptance.
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5.1 10 physics weeks

Table 5 shows the example spin plan for 10 physics weeks per year, with a technically driven
schedule. The 200 GeV running continues through 2008, with a total of 300 pb−1 delivered,
and 100 pb−1 recorded luminosity by both PHENIX and STAR. By the year 2009, the PHENIX
muon triggering improvements are complete, and the STAR forward tracking is partially in place,
and complete for the 2010 run. The year 2009 is considered an engineering run, for both the
accelerator and the experiments. By the completion of the year 2012, for 500 GeV, 800 pb−1

luminosity is delivered, and 300 pb−1 recorded by each experiment. These luminosities and
polarizations provide the physics sensitivities presented in section 2.

Table 4: RHIC spin example schedule, 10 physics weeks per year, technically driven.
Fiscal year Spin Weeks CME(GeV) P L(pb−1 Remarks
2002 8 200 0.15 First pol. pp collisions!

Transverse spin
2003 10 200 0.27 Spin rotators commissioned,

£rst helicity measurements
2004 1 200 0.4 New betatron tune developed,

£rst jet absolute meas. P
2005 9 200 0.5 10-20 ALL(π0, jet),

also 500 GeV studies
2006 10 200 0.7 AGS Cold Snake commissioned,

NEG vacuum coating complete
2007 0

2008 20 200 0.7 Direct γ, completes
goal for 200 GeV running

2009 10 500 0.7 PHENIX muon arm trigger
installed, eng. run

2010 10 500 0.7 STAR forward tracker
installed, W physics

2011 10 500 0.7

2012 10 500 0.7 Completes 500 GeV goal

5.2 5 physics weeks

Table ?? gives the example spin plan for 5 physics weeks per year, which we have interpreted
to mean 10 physics weeks each two years to reduce the end effects. As has been presented in
section 3, the delay in the RHIC spin physics results is actually greater than a factor of two, com-
pared to 10 physics weeks each year. This is due to an assumed ”turn-on” period of reaching the
instantaneous luminosity maximum that is based on our experience, from the heavy ion program.
In any case, the programs are stretched out to over 6 years for the gluon polarization measure-
ments at 200 GeV, and an additional 6 years or more for the W physics program. The proposed
measurements would be completed in 2018 or later.
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Table 5.2 RHIC spin example schedule, 5 physics weeks per year.

Table 5: RHIC spin example schedule, 10 physics weeks per year.
Fiscal year Spin Weeks CME(GeV) P L(pb−1 Remarks
2005 9 200 0.5 10-20 ALL(π0, jet),

also 500 GeV studies
2006-2007 10 200 0.7 AGS Cold Snake commissioned,

NEG vacuum coating complete
2008-2009 10 200 0.7 Direct γ

2010-11 10 200 0.7 completes goal
for 200 GeV running

20012-13 10 500 0.7 PHENIX muon arm trigger
installed, eng. run

2014-2015 10 500 0.7 STAR forward tracker
installed, W physics

2016-2017 10 500 0.7

2018-2019 10 500 0.7 Completes 500 GeV goal

6 Summary (Gerry)

In this document we have described the RHIC spin research plan, responding to the request by
the Department of Energy Of£ce of Nuclear Physics. We were requested to cover 1) the science,
2) the requirements for the accelerator, 3) the resources that are needed and timelines, and 4) the
impact of a constant effort budget to the program.

1) The science is presented in section 2. Here we have emphasized measuring gluon polariza-
tion and anti-quark polarization in the proton. RHIC will provide the £rst sensitive measurements
of each. We believe this is an exciting program, which addresses the structure of matter.

2) The accelerator requirements are presented in section 3. We are well along in reaching the
polarization requirement of 70%, and anticipate reaching this goal in 2006, for 200 GeV running.
To reach this goal for 500 GeV running will require releveling the machine, which is planned.
Reaching the luminosity goal will be challenging. We must store 2 × 1011 polarized protons in
110 rf bunches in each RHIC ring and collide them. Limits of betatron tune shift and of electron
cloud formation will be tested. For the physics sensitivities presented, we have used a luminosity
of 2/3 of the calculated maximum.

3) The required experiment resources are presented in section 4. The PHENIX and STAR de-
tectors are complete for the gluon polarization program. Both need improvements to be ready for
the W physics program. These are described in the section. For a ”technically driven” program,
where the improvements are funded and completed as proposed, the PHENIX detector will be
ready for W physics in 2009, and the STAR detector in 2010.
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There are also important planned upgrades for the heavy ion and spin programs that greatly
extend the range of spin physics, and these are also described in section 4.

4) The impact of a constant effort budget is presented in section 5, where we compare the two
plans, as requested in the charge to the RHIC Spinplan Group:

”I ask that you consider two RHIC Spin running scenarios: 1) 5 spin physics data taking
weeks per year (averaged over two years using the combined £scal year concept); 2) 10 spin
physics data taking weeks per year. These two scenarios will give appropriate indications of
the physic goals that can be met over a period of years without involving the Group in dif£cult
funding and cost scenarios that are not central to the calculation of physics accomplishments
over time.” (Appendix A)

The plan with 10 spin physics weeks per year, the technically driven plan, completes the
gluon polarization measurements and the W physics measurements by 2012.

The plan with 5 spin physics weeks per year completes this program in 2019 or later. With
this plan RHIC runs 25% of the year on average (we assume 10 spin physics weeks per two year
cycle).

Acknowledgments

References

[1] J.C. Collins, D. Soper and G. Sterman, in A.H. Mueller, ed., Perturbative Quantum Chro-
modynamics (World Scienti£c 1989), hep-ph/0409313.

[2] S. Kretzer, Phys. Rev. D62 054001 (2000); B. Kniehl, G. Kramer and B. Pötter,
Nucl. Phys. B582 514 (2000); Nucl. Phys. B597 337 (2001); L. Bourhis, M. Fontannaz,
J.P. Guillet, M. Werlen, Eur. Phys. J. C19 89 (2001); S. Kretzer, E. Leader, E. Christova,
Eur. Phys. J. C22, 269 (2001).

[3] C. Bourrely and J. Soffer, hep-ph/0311110.

[4] PHENIX Collaboration (S.S. Adler et al.), Phys. Rev. Lett. 91, 241803 (2003); STAR Col-
laboration (J. Adams et al.), Phys. Rev. Lett. 92, 171801 (2004).
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