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Abstract

In this report we present the research plan for the RHIC smpgram. The report covers 1) the
science of the RHIC spin program in a world-wide context; 2)dbllider performance require-
ments for the RHIC spin program; 3) the detector upgradesnesjuncluding timelines; 4) time
evolution of the spin program.
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1 Executive Summary

An action item from the June 30-July 1, 2004 DOE Office of Naclehysics Science and Tech-
nology Review of the Brookhaven National Laboratory (BNL) Riglatic Heavy lon Collider
(RHIC) written Report, dated September 13, 2004, was"BHL should prepare a document
that articulates its research plan for the RHIC spin phygicsgram. A copy should be submitted
to DOE by January 31, 2005This document is submitted to the DOE Office of Nuclear Plygysic
on behalf of the Laboratory, in response to that action item.

We provide here a plan that addresses: 1) the science of thé Rbith program in a world-
wide context; 2) the collider performance requirementsttier RHIC spin program; 3) the de-
tector upgrades required, including timelines; 4) timelaton of the spin program. The RHIC
Spin Plan Group was charged to formulate the plan by Thomiks ENL Associate Director for
High Energy and Nuclear Physics. The charge is given in teraqhix.

The importance of the study of nucleon spin to nuclear plsyanad the anticipated contribu-
tion of RHIC is discussed in the first section of this reportinggays a central role in our theory
of the strong interactionQuantum Chromodynamies QCD, and to understand spin phenom-
ena in QCD will help to understand QCD itself. Nucleons, pretand neutrons, are built from
guarks and the QCD force-carrier, gluoridnpolarizeddeep inelastic scattering (DIS) experi-
ments, scattering high energy electrons and muons froneans] first discovered quarks in the
1960s, and then over the next 30 years, DIS experiments®tajyiverified the QCD prediction
for the energy dependence of the scattering. This was aphuwhQCD.Polarizeddeep inelas-
tic scattering experiments then showed that the quarkseimticleons carry only about 20% of
the nucleon spin, a major surprise. The remaining 80% mushabéed by the gluon spin and
by orbital angular momentum of the quarks and gluons in tlebemmn. Experiments with polar-
ization at RHIC will probe the proton spin in new profound waysparticular strength of the
RHIC spin program is to measure the gluon contribution to timégm spin. A second emphasis
will be a clean, elegant measurement of the quark and aatikquolarizations, sorted by quark
flavor, through parity-violating production of W bosons. RHWill also probe the structure of
transversely polarized protons, which may be related toothéal angular momentum of the
guarks and gluons in the proton. To contribute to the undedshg of nucleon structure and the
nature of confinement of the quarks and gluons inside theepuslis the primary goal of the spin
physics program at RHIC.

The key points of this report are emphasized in the followihrge figures.

Science. In Figure 1, we show the sensitivity that we expect for measignts of gluon
polarization in the proton. RHIC will measure this with a nuenbf probes, which will test our
understanding of the underlying physics, and produce astalesult for this key measurement.
The expected sensitivity of the ongoing DIS experiment at CERAIMPASS, is also shown.
Measuring the gluon polarization is a worldwide quest, and@Wlill provide the most sensitive
and definitive results.

The figure shows expected results for both high cross septmsesses (left panel, jets), and
for the more theoretically precise but lower cross sectimtgss of direct photon production.
Pion and jet probes will give important results earlier ia frogram with lower luminosity and
polarization, with one result from the 2003 run already lit#d, and it is anticipated that results
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Figure 1:Plot of the gluon polarizationg/g, vs.x, the fraction of the proton momentum carried
by the gluon. The curves in both panels show the gluon paléwizs from two analyses [1, 2]
of polarized deeply-inelastic scattering data [3]. Thet leanel shows STAR sensitivities from
jet production at,/s = 500 GeV, and the right panel shows projections for PHENIX for direc
photon production at 200 and 500 GeV. Results and projestimm existing fixed target deep
inelastic scattering experiment di-hadron data [4, 5, 6also shown. Experiments measure
the beam helicity asymmetry; ;. Its conversion ta\g/g requires a global analysis. This plot
represents an example of sensitivitytg/g of the different experiments.

from the 2005 run will greatly constrain the gluon polari@aat The direct photon channel (right
panel) most directly measures the gluon polarization. Tidden channel” requires high lu-

minosity and high polarization. We have a robust theorktinderstanding of the reactions that
we will use to probe the proton spin structure, with confirrmpeedictions of cross sections from
next-to-leading order QCD.

Fig. 1 also shows the importance of both 200 and 500 GeV rgnrd@0 GeV running gives
sensitivity to about half of the expected integral contiidmu of gluons to the proton spin. Sensi-
tivity to much of the remainder requires access to lower muoma fractions that will be probed
in the 500 GeV runs. With running at the two energies, a lalgergpolarization, consistent with
the gluon carrying most of the spin of the proton, would becigedy measured.

In Figure 2, we show the expected sensitivity to anti-quaslapzation, sorted by flavor.
This is a direct measurement by observing the parity viogaproduction of W bosons, with
RHIC running at,/s=500 GeV. RHIC will provide definitive measurements, wherly enodel-
dependent results presently exist from DIS. This will be aitang result, addressing how it is
that the combination of quark and anti-quarks in the protamyclittle of the proton spin. The
focus on the dependence of the spin structure on antiquaadk flell provide a profound test of
the mechanisms for producing the sea of quark-antiquars glaat strongly influences nucleon
structure.

Experiment Upgrades for W Program To accomplish the W measurements, both STAR
and PHENIX must upgrade their detectors. STAR requirestiadai precision forward tracking
to unambiguously determine the charge sign of t#® GeV electrons foll’ — e* + v. This
will be proposed in 2006, for completion for the 2010 run,raeatimated cost of $5M. PHENIX
requires additional triggering for selection of thé — u* + v decays out of the expected 10
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Figure 2:Quark and antiquark polarization in the protod,f/ f (), vs.log x with models [7, 8]
for u, d, u andd; with expected uncertainties for RHI&Z is the fraction of the proton momentum
carried by the quark/antiquark.

million collisions per second for the 500 GeV running. Thasbieing proposed this year, for
completion for the 2009 run, at an estimated cost of $3.3M.

Accelerator Requirements and Time EvolutionTo accomplish these important physics
goals, we need high polarization, high luminosity, and sigent running at both/s=200 GeV
(the present spin program energy) and/at500 GeV (RHIC at the full heavy ion rigidity). The
present level of polarization is 45% and we expect to reaehtdiget of 70% in 2006 for 200
GeV running. We plan to develop the polarization for 500 Gewrning over the next several
years, and expect to reach the target of 70% in time for the@&@ program in 2009. The
minimum and maximum expected luminosities per year are showigure 3, with three bands.
The first band begins in 2005, and displays the integratedhlosity with time for 10 weeks of
physics running per year, for 200 GeV. The 200 GeV run coesrto mid-2009, when we show
the changeover to 500 GeV. This change is dictated by regthétarget luminosity goal shown
on the figure for 200 GeV. The target is the basis of the seits@s shown in Fig. 1.

Beginning mid-2009, we switch to 500 GeV. Both W physics anaglpolarization physics
will be pursued. This is shown reaching the target in 2018) W0 physics weeks per year. This,
then, gives the sensitivities shown in Figures 1 and 2.

Figure 3 also shows a band for running spin for 5 physics wpekyear, taken as 10 weeks
every two years to reduce end effects. The band shows only200running because, even by



1500

Max projection

1000 A

= | | 1 . : LEEveelgiven Ti ‘olect
[T 70 PSS R (U U S R I projection

| 275 pb! target

Integrated lnminosity [plil]

= Max projection

PN

1.':' \."eelcs__.-, .

e RRRRR

0 T . - T T
2005E 2006E 2007E 2008E 2009E 2010E 2011E 2012E
Fiscal year

w— DMin projection

Figure 3: Minimum and maximum projected integrated luminosity thgio&Y2012. Delivered
luminosity numbers are given for one of two interaction pmiffor the scenario with 10 weeks of
physics operation per year, the assumed energyss200 GeV until mid-FY2009, and 500 GeV
thereafter. For the scenario with 10 weeks every other year,atsumed energy is 200 GeV
throughout the entire period.

2012, we will not have accumulated the target luminositygiolon polarization measurements.
To complete the program as we have shown it requires runoiagleast 2019.

Responding to the charge to the spin planning group (see dppewe considered just two
running scenarios, 5 and 10 spin physics weeks per year. eTihdgate’the physics goals
that can be met over a period of years without involving theuprm difficult funding and cost
scenarios that are not central to the calculation of physiccsomplishments over time.”

The 10 week per year scenario shown in Fig. 3 includes thergsisan that the detector
upgrades for STAR and PHENIX for the W program are accometidty 2010, and is therefore
"technically driven”. This is the preferred scenario from BN

The 5 week per year scenario, shown also in Fig. 3, requirésaat 6 years of running
at each energy to accomplish the definitive measurementkiof gpolarization and anti-quark
polarization shown in Figures 1 and 2. Thus, for example, ®¥22one would not yet have
constrained well the total gluon contribution to the prosmin, and would not have begun to
probe the sea quark polarizations. Such a slow and ineftiajgoroach would seriously degrade
the impact of the RHIC spin program.

The 5 week per year plan would be a most difficult and unfoteisaenario, with RHIC
poised to answer these major questions on nucleon struciMitd this scenario, not only will
the answers be very slow in coming, but the community of woliss accelerator physicists,
experimenters, and theorists that drive the program, reg@iready state of the art polarization
and luminosity, and with remarkable physics output, wilt be challenged to their capacities
and these teams will be difficult to maintain.

By achieving the measurement sensitivities shown in Figlrasd 2, RHIC will contribute
major new understanding to the structure of the protons @&udtrons that make up the known
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matter in the universe, and to our understanding of the jhefathe strong interaction, Quantum
Chromodynamics. This work will qualitatively change our argtanding of the nuclear force,
contributing to a field developed through major breakthimuig theory, including the discovery
of asymptotic freedom in QCD that received the 2004 NobeleAnZhysics, and in experiment,
with the discoveries of quarks, precision confirmation afdicted scaling violations, and the
spin surprise that the quarks carry very little of the nuilspin.

The body of the report provides the details for the prograscdieed above. The report
also includes other exciting science areas, such as plastnddées (and an already published
measurement) on transverse spin, which may access orbgalaa momentum. A number of
heavy ion driven (or with spin) upgrades, based on a det&id program supported since FY
2003 as part of the RHIC operations budget, also offer exgcapin physics opportunities, and
these are described in the Experiments section of the report



2 The science case for RHIC Spin

Spin is one of the most fundamental concepts in physics,lgeepted in Poinca invariance
and hence in the structure of space-time itself. All eleranparticles we know today carry spin,
among them the particles that are subject to the stronggictiens, the spin-1/2 quarks and the
spin-1 gluons. Spin, therefore, plays a central role alsmuintheory of the strong interactions,
Quantum Chromodynamics (QCnd to understand spin phenomena in QCD will help to un-
derstand QCD itself. To contribute to this understandingpésgrimary goal of the spin physics
program at RHIC.

Itis a remarkable property of QCD, known@snfinementhat quarks and gluons are not seen
in isolation, but only bound to singlet states of the stroogldr” charge they carry. At the heart
of investigating confinement in QCD is the study of the inneacttre of strongly-interacting
particles in nature that are composed of quarks and gluom&ngy these, the proton and neutron
are clearly special as they make up all nuclei and hence niitis¢ @isible mass in the universe.
Their detailed study is therefore of fundamental inter€se proton and neutron also carry spin-
1/2, which immediately brings the central role of spin in leon structure to the fore. It is worth
recalling that the discovery of the fact that the proton Hascture— and hence really the birth
of strong interaction physics— was due to spin, through tkasurement of a very unexpected
“anomalous” magnetic moment of the proton by O. Stern ankhlootators in 1933 [9]. Today,
after decades of ever more detailed studies of nucleontstajca prime question is how the
proton spin-1/2 is composed of the average spins and odnigilar momenta of quarks and
gluons inside the proton. Polarization has become an eak#oul in the investigation of the
strong interactions through nucleon structure.

Quarks were originally introduced simply based on symmetnysiderations [10], in an at-
tempt to bring order into the large array of strongly-inténag particles observed in experiment.
In order to satisfy the Pauli exclusion principle for barg@uch as thé\*+ or the 2~ which
are made up of three quarks of the same flavor, the spin-14kgjhad to carry a new quantum
number [11], later termed “color”. A modern rendition of Retford’s experiment has shown
us that quarks are real. This experiment is the deeplystielacattering (DIS) of electrons (or,
later, muons) off the nucleon, a program that was startdugtette 1960's at SLAC [12]. A high-
energy electron interacts with the nucleon, via exchangehaghly virtual photon. For virtuality
of \/@ > 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 prietation as elastic scattering of the
electron off pointlike, spin-1/2, constituents of the raart [13, 14], carrying fractional electric
charge. These constituents, called “partons” were sulesglyudentified with the quarks. The
existence of gluons was proved indirectly from a missing0% contribution [15] to the proton
momentum not accounted for by the quarks. Later on, diredeece for gluons was found in
three-"jet” production in electron-positron annihilatifl6]. From observed angular distributions
of the jets it became clear that gluons have spin one [17].

The so successful parton interpretation of DIS assumedtrédns are practically free (i.e.,
non-interacting) on the short time scales set by the highadity of the exchanged photon. This
implied that the underlying theory of the strong interacianust actually be relatively weak
on short time or, equivalently, distance scales [18]. In@ugdbreaking development, Gross,
Wilczek and Politzer showed in 1973 that the non-abelianheQCD” of quarks and gluons,



which had just been developed a few months earlier [19], gzs&xl this remarkable feature of
“asymptotic freedom” [20], a discovery for which they wergaaded the 2004 Nobel Prize for
Physics. The interactions of partons at short distanceige wiak in QCD, were then predicted to
lead to visible effects in the experimentally measured RiG&csure functions known as “scaling
violations” [21]. These essentially describe the resparigbe partonic structure of the proton
to the resolving power of the virtual photon, set by its \aitty Q2. It has arguably beethe
triumph of QCD that the predicted scaling violations haverbebserved experimentally and
verified with great precision. Deeply-inelastic scattgrinus paved the way for our theory of the
strong interactions, QCD.

Over the following two decades or so, studies of nucleorctire became ever more detailed
and precise. Partly this was due to increased luminositidsaergies of lepton machines, even-
tually culminating in the HERA ep collider. Also, hadron ¢délrs entered the scene. It was
realized that, again thanks to asymptotic freedom, theoparistructure of the nucleon seen in
DIS is universal in the sense that it can also be studied Winetastic reactions in proton-proton
scattering [22, 23, 24]. This offered the possibility torleabout other aspects of nucleon struc-
ture (and hence, QCD), for instance about its gluon contemnthwis not primarily accessed in
DIS. Being known with more precision, nucleon structure dsoame a tool in the search of
new physics, the outstanding example perhaps being thewdiscof thelV* and Z bosons at
CERN'’s SpS collider [25]. The Tevatron collider today and LHC in thean&uture are contin-
uations of this theme.

A further milestone in the study of the nucleon was the ade¢piolarizedelectron beams
in the early seventies [26]. This later on allowed to perf@i® measurements witpolarized
lepton beam and nucleon target [27], offering for the firsigtithe possibility to study whether for
example quarks and antiquarks have on average prefermredispctions inside a spin-polarized
nucleon. The program of polarized DIS has been continuirg swce and has been an enor-
mously successful branch of particle physics. Its singlstmmaportant result is the finding that
quark and antiquark spins provide very little — only abeuR0% — of the proton spin [3, 28].
In parallel, starting from the mid 1970’s, there also was gy \mportant line of research on
polarization phenomena in hadron-hadron reactions in fizeget kinematics. In particular, un-
expectedly large single-transverse spin asymmetries seea [29, 30, 31] which, as will be
discussed later, may tell us about further fundamentatsgated properties of the nucleon, but
have defied a complete understanding in QCD so far.

In the context of the exploration of nucleon structure agdaeso far, it is clear that the RHIC
spin program is the logical continuation. Very much in th&ispf the unpolarized hadron
colliders in the 1980’s, RHIC enters the field to start from wehpolarized DIS has taken us so
far. Here, too, asymptotic freedom of QCD, accessible becatishe high energy of RHIC’s
polarized beams, is the tool to investigate the partonicctiire of the proton. Experiments with
polarization at RHIC will probe the proton spin in new profduways [32], complementary to
polarized DIS. We will learn about the polarization of glson the proton and about details
of the flavor structure of the polarized quark and antiquaskridbutions. RHIC will probe the
structure of transversely polarized protons, and we hopmtavel the origin of the transverse-
spin asymmetries mentioned above. RHIC will also investigatarization phenomena in high-
energyelasticscattering of protons, an equally uncharted area of QCDIi#imfecircumstances
are very favorable, knowledge gathered about the spintateiof the proton could conceivably
be used to turn RHIC into a discovery machine for New Physics, machine that probes the
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chiral structure, inaccessible in unpolarized pp collisions, @ rinteractions possibly to be
found at the LHC.

The field of nucleon structure thrives on the complementarftinformation obtained in
lepton-nucleon and nucleon-nucleon scattering. We skallexamples of this throughout this
report. We see a collider with polarized electrons and pro&s the next logical step after RHIC
in our quest to explore the spin structure of the nucleon amdghenomena in QCD.

After a brief review of where we currently stand in this fietde subsequent sections will
address the most exciting aspects of the RHIC spin physigggumoin more detail.

2.1 Synopsis of results from polarized DIS

Spin physics at RHIC has been motivated by the exciting reséuin the experimental program
on polarized DIS over the last 30 years [3]. Most of the DIS measurements were performed
with longitudinal polarization of the lepton beam and theleon target. The difference of cross
sections for the case where the lepton and nucleon havesdlgpins or opposite spins then gives
access to the spin-dependent structure fungfign, Q?) of the nucleon. Her&)? is as before
the virtuality of the exchanged photon, ands the Bjorken variablez = Q?/(2P - q) with

P andq the nucleon and photon momenta, respectively. The leftqddfig. 4 shows a recent
compilation [33] of the world data op,(z,Q?). Information from both proton and neutron
targets is available. The importanceggflies in the fact that it has a simple interpretation in the
parton model, equivalent to considering the lepton-nutlateraction as a scattering of polarized
leptons off polarized free partons. In the parton model, iactiding the dominant part of the
QCD scaling violations mentioned abovg,may be written as

0.0 = £ 3¢ [Aalr, @) + M, Q)] (1)

q

Here theAq, Ag are the helicity distribution functions of quarks and anéiks in the nucleon.
For example,

AQ<377 Qz) = q+(l’, QQ) - q_<x7 Qz) (2)
counts the number densities of quarks with the same hebdtihe nucleon, minus opposite.
It contains information on thepin structure of the proton. The kinematic Bjorken variables
identified with the proton momentum fraction carried by thack quark. The&)?-dependence of
the parton distributions is precisely the dependence ofré&selving power” mentioned earlier,
guantitatively predictable in QCD perturbation theory,nk&ito asymptotic freedom. It is also
known as@Q?-“evolution” of the parton distributions [34]. Physicallif expresses the fact that
as(@? increases one has higher resolution of the partons, sotttsammiore likely that a struck
guark has radiated one or more gluons so that it is effegtiemolved into several partons, each
with lower momentum fraction. Similarly, a struck quark miagve originated from a gluon
splitting into a quark-antiquark pair. This picture expanother remarkable feature of the DIS
scaling violations: th&)?-dependence of the quark densities, and hence of the sfanction
g1(z,@Q?%), is partly driven by thegluon density in the proton, despite the fact that the gluon
density does not appear in Eqg. (1). The polarized “helicgfigion density is defined in analogy
with Eqg. (2) as

Ag(SL’,Q2) :g+(lC,Q2)—gi(Jf,Q2> : (3)
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Figure 4:Left: data on the spin structure functiary;, as compiled and shown in [33]. Right:
results from an analysis [2] of polarized DIS in terms of sppendent nucleon parton densities
AY(z, Q%) andAg(z, Q%) at Q* = 1 Ge\E. AY is the total quark and antiquark helicity distri-
bution (see Eq. (4)) and g the gluon helicity distribution defined in EqQ. (3). The shdtands
represent a range of distributions found consistent wittappéd DIS data in [2].

Thus scaling violations in polarized DIS allow, in prin@pko determine not only th&q + Ag
combinations for various flavors, but alagy.

Extensive analyses of polarized-DIS data in terms of tharpodd parton distributions have
been performed by several groups, taking into account &*sthithe-art” theoretical framework
that includes additional non-leading (“higher-order”)rr@etions to the framework described
above [1, 2, 8, 35, 36]. One result, taken from [2], is showhia right part of Fig. 4. The
results refer to &)? scale of 1 GeV, which is a typical scale from which perturbative evolution
as described above could be used to calculate the distitsugit highet)?. The first panel shows
the sum of all polarized quark and antiquark distributions,

AY = Au+ At + Ad + Ad + As + As 4)

as a function ofc. As can be seen, it is known to a fair accuracy, except at tverlo, where
we have indicated by a shaded band a rangaX%fz) that was found to be consistent with the
polarized-DIS data in Ref. [2]. The right-hand plot displdalie polarized gluon densitixg.
Evidently, we know very little about gluon polarization inet nucleon. The latter result is not
surprising: as we pointed out earlier, the only informat@nAg from polarized DIS comes
from scaling violations. Since all experiments performedia have been with fixed targets,
the available energy, and hence the reacinhave been very limited, resulting in a virtually
unconstrained\gq.
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It has been possible to extrapolate the results shown iMRgx — 0. There are important
insights into nucleon structure that could be gained frorm. tRirst of all, there is a venerable
sum rule by Bjorken [37] — that actually predates QCD — whichasdmbly relates the integrals
over allz of the high€)? DIS polarized structure functions for the proton and thetmeuto the
decay constanf, ~ 1.273 in low-energy neutroms-decay:

| o (ot = 62 Q%) = Gaa + Olan(@). ©

where we have indicated that there are perturbative-QCDections to the relation, known to
very high accuracy. This sum rule, which was the originalivadion for performing measure-
ments in polarized DIS, has been verified experimentallpet®% level [3].

Using further information from baryop-decays, it was also possible to determine ithe
integral over the combinatiaA>: shown in Fig. 4. This has resulted in one of the most renowned
—and debated — results in recent Nuclear and Particle P8¢ The importance of the integral
of AY, also known as the nucleon “axial charge”, lies in the faat thyields the average of all
qguark and antiquark helicity contributions to the protoriibigy:

(S =5 [ AT @i )

2 Jo
This follows from the definition of the spin-dependent quaidtribution functions in Eq. (2); the
factor 1/2 is because quarks carry spin-1/2. Experimegnial

(Sq) ~ 0.1, (7)

with an error of about 50%. Despite its large error, the fhat {S,) < 0.5 implies that very
little of the proton spin is carried by that of the quarks. sThesult is in striking contrast with
predictions from constituent quark models and has thezdfeen dubbed “proton spin crisis”.
Even though the identification of nucleon with parton hgfics not a prediction of QCD, such
models have enjoyed success in describing hadron magnetients and spectroscopy. In any
case, polarized DIS teaches us that we must look elsewhetiesfproton spin!

2.2 Compelling questions in spin physics

The results from polarized inclusive DIS clearly called forther investigation of the nucleon
spin. What are first of all the other candidates for carryirgribicleon spin? An examination of
angular momentum in QCD equates the spin-1/2 of the protombiributions from quark spins,
gluon spins, and quark and gluon orbital angular momenta33840]:

5 = <Sq> + <Sg> + <Lq> + <Lg> : (8)

We have suppressed a dependence of each of the terms ondhgioesscale)?. The gluon
spin contribution is directly obtained from the gluon hgidistribution in Eq. (3):

(S(@P) = / Ag(z, Q)dr . ©)

0
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Equation (8) motivates a substantial part not only of RHIGQ ghiysics, but of virtually all major
current activities in the field of high-energy spin physidglore specifically, the compelling
guestions are:

How do gluons contribute to the proton spin? There are good reasons to be interested in
Ag(z,Q?). First of all, its integral could well be a major contributorthe proton spin. In fact,

it is a remarkable feature of QCD that at momentum scalesaetée RHIC physicgS,)(Q?)
may well be significant, perhaps even large compared to the “1/2” on itjiet-hand-side of
Eqg. (8). The reason is that the integral &f(z, Q) evolves asl /a,(Q?) [41], that is, rises
logarithmically with@). This peculiar evolution pattern is a very deep predictibQ@GD, related

to its so-called axial anomaly. It has inspired ideas thataon for the smallness of the quark spin
contribution should be sought in a “shielding” of the quapkns due to a particular perturbative
part of the DIS process*g — qq [41]. The associated contributions arise only at ordg()?);
however, the peculiar evolution @¢f,)(Q?) would compensate this suppression. To be of any
practical relevance, such models would require a largeipesgjluon spin contributior,S,) > 1,
even at low “hadronic” scales of a GeV or so. A very large pga&ion of the confining fields
inside a nucleon, even though suggested by some nucleornsnhédg would be a very puzzling
phenomenon and would once again challenge our picture afidbkon. Subsection 2.5 will
discuss in detail the efforts being made at RHIC to addresgubstions related tdg, and the
prospects for the planned measurements.

What are the patterns of up, down, and strange quark and antigark polarizations? As is
evident from Eq. (1), polarized DIS has given us access tadhginationsAg + Ag. We have
already discussed one particularly interesting combonatif these AX.. To really understand
the proton helicity structure in detail, one needs to ledroud the various quark and antiquark
densitiesAu, Au, Ad, Ad, As, A3, individually. This also provides an important additional test
of the smallness of the quark spin contribution, indepenhdéthe additional input from baryon
(-decays necessary so far. It is also important for modelsioleon structure which generally
make clear qualitative predictions about, for example, fthieor asymmetryAa — Ad in the
proton sea [43, 44]. These predictions are often relatedinddmental concepts such as the
Pauli principle: since the proton has two valencguarks which primarily spin along with the
proton spin directionyu pairs in the sea will tend to have thequark polarized opposite to
the proton. Hence, if such pairs are in a spin singlet, oneaspg\u > 0 and, by the same
reasoning,Ad < 0. Such questions become all the more exciting due to the fattrather
large unpolarizedasymmetriesi — d # 0 have been observed in DIS and Drell-Yan measure-
ments [45, 46, 47]. Further fundamental questions condegrstrange quark polarization. The
polarized DIS measurements point to a sizable negativeipateon of strange quarks, in line
with other observations of significant strange quark eff@cthucleon structure. Recently, in the
unpolarized case the asymmetry between strange and angjstdistributions has attracted much
attention [48], due to its interest for nucleon models, ltsb @ue to its possible implications for
an explanation of the- 30 “anomaly” in the NuTeV measurement [49] of the Weinberg angl|
A measurement of the difference between strange and amiggrpolarizations, while probably
lying in the future, might give further insights. In subsent2.7 we present the possibilities
RHIC offers for disentangling the various flavor polarizagson the nucleon.

What orbital angular momenta do partons carry? Equation (8) shows that quark and gluon
orbital angular momenta are the other candidates for theecarof the proton spin. Conse-
quently, theoretical work focused also on these in the yiedisving the discovery of the “spin
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crisis”. A conceptual breakthrough was made in the mid 1990sn it was realized [39] that
a particular class of “off-forward” nucleon matrix elemgnin which the nucleon has different
momentum in the initial and final states, measure total paatoyular momentum. Put simply,
orbital angular momentum i8 x p, with 7 a derivative with respect to momentum transfer in
Quantum Mechanics. Thus, in analogy with the measuremetiteoPauli form factor it takes
a finite momentum transfer on the nucleon to access matnrezies with operators containing
a factorr. It was also shown how these “off-forward” distributionsally generalizations of
the ordinary parton distributions, may be experimentaéi{edmined from certain rare exclusive
processes in lepton-nucleon scattering, the prime exabgohg “Deeply-Virtual Compton Scat-
tering (DVCS)"~*p — ~p [39]. A major emphasis in current and future experimentél/aies

in lepton scattering is on the DVCS and related reactions.réefage other observables that are
related to orbital angular momentum of nucleon constiwgs®]. The Pauli form factor is one
of them. Another, accessible in proton-proton scatteringy contribute to spin asymmetries
measured with a single transversely polarized proton anghaolarized one. This brings us to
the next compelling question.

What is the role of transverse spin in QCD?So far, we have only considered the helicity struc-
ture of the nucleon, that is, the partonic structure we finémive probe the nucleon when its
spin is aligned with its momentum. High-energy protons mlag ae studied whetransversely
polarized, and it has been known for a long time now that vetigresting spin effects are associ-
ated with this in QCD. Partly this is known from theoreticaldies which revealed that besides
the helicity distributiong\ f discussed above, for transverse polarization there is aatef par-
ton densities, called “transversity” [51, 52]. They are dedi analogously to Eq. (2), but now for
transversely polarized partons polarized along or opedsithe transversely polarized proton.
Nothing is known so far experimentally about the transwerdensities. Their measurement is
highly desirable, for a number of reasons. Not only doesstrarsity complete the set of nucleon
parton distributions. Differences between the helicitg gnransversity densities give information
about relativistic effects in the nucleon [52]. The transity densities also give the nucleon ten-
sor charge [52, 53], which is equally fundamental as itslacharge mentioned earlier. Finally,
transversity also plays a role in predictions for the nauglectric dipole moment. We will dis-
cuss transversity and the prospects for its measurementi& Rihore detail in Sec. 2.8.

The other reason why transverse spin has captured theiatteftesearchers in QCD for a long
time is related to experimental observations of very laiggls-transverse spin asymmetries in
pp scattering [29, 30, 31], where really none were expedethted azimuthal asymmetries were
seen in lepton scattering [54, 55]. Often, when simple etgiens are refuted experimentally,
new insights emerge, and this has been no different in tlss.c@ith time it was realized that
single-spin asymmetries may tell us many more things ab@D @nd the nucleon than antic-
ipated. Particularly interesting examples are partontakrlingular momenta [56] and the color
Lorentz force inside a polarized nucleon [57]. We are, hawestill far from a complete under-
standing of all mechanisms that may be involved in singla-agymmetries. We will show in
more detail in section 2.8 that RHIC is poised to provide amswe

We now turn in more detail to the various physics topics r@at RHIC. We start by a brief
description of the underpinnings for the theoretical dgson of “deeply inelastic” hadronic
reactions, considering unpolarized scattering for siaifpli We then discuss how polarized pp
scattering at RHIC addresses the compelling questionsmpspisics raised above. We will also
describe other exciting physics opportunities the RHIC gpagram offers.
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2.3 Unpolarized pp scattering

The basic concept that underlies most of RHIC spin physickaddctorization theorem [24].

It states that large momentum-transfer reactions may lerfaed into long and short-distance
contributions. The long-distance pieces contain inforomabn the structure of the nucleon in
terms of its distributions of constituents, “partons”. Ts$teort-distance parts describe the hard
interactions of these partons and can be calculated frompiinsciples in QCD perturbation
theory. While the parton distributions describe universabpprties of the nucleon, that is, are
the same in each reaction, the short-distance parts cagrttess-dependence and have to be
calculated for each reaction considered.

As an explicit example, we consider the cross section fore¢hetionpp — 7 (pr)X, where
the pion is at high transverse momentpm) ensuring large momentum transfef. denotes an
arbitrary hadronic final state. The statement of the faz&tion theorem is then:

do = 3 [do, [ dn [ dz fulawn) flanp) DEleen)

a,b,c

X da—gb(xaPAJ beB7 Pﬂ'/zm ,LL) ) (10)

where the sum is over all contributing partonic chanmelsb — ¢ + X, with dc¢, the associ-
ated partonic cross section. Tlfig, describe the distributions of partons in the nucléomny
factorization of a physical quantity into contributionsasiated with different length scales will
rely on a “factorization” scale that defines the boundaryveen what is referred to as “short-
distance” and “long-distance”. In the present case thikegsaepresented by in Eq. (10).u is
essentially arbitrary, so the dependence of the calcutatess section op represents an uncer-
tainty in the theoretical predictions. However, the actigggendence on the value ptlecreases
order by order in perturbation theory. This is a reason whygwkadge of higher orders in the
perturbative expansion of the partonic cross sectionspsitant. We also note that Eq. (10) is of
course not an exact statement. There are corrections td &qgth@t are down by inverse powers
of the momentum transfer, the so-called “power correctio$ese corrections may become
relevant towards lowepr. As we shall see in Figs. 6 and 8 below, comparisons of RHIC data
for unpolarized cross sections with theoretical calcataibased on Eq. (10) do not suggest that
power corrections play a very significant role in the RHIC kiragic regime, even down to fairly
low pr.

Figure 5 offers a graphic illustration of QCD factorizatioFhanks to factorization, one can
study nucleon structure, represented by the parton desigiti(z, 1), through a measurement
of do, hand in hand with a theoretical calculation@f. The partonic cross sections may be
evaluated in perturbation theory. Schematically, theylmmexpanded as

doc, = oo + Zdes M 1 (11)
m

d&j’b(o) is the leading-order (LO) approximation to the partonicssreection. The lowest order can
generally only serve to give a rough description of the ieaainder study. It merely captures the

*In this particular example, the fact that we are observingexi§ic hadron in the reaction requires the intro-
duction of additional long-distance functions, the pastospion fragmentation function®7. These functions have
been determined with some accuracy by observing leadingspice" e~ collisions and in DIS [58].
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Figure 5:Factorization ofpp — 7°X in terms of parton densities, partonic hard-scatteringsso
sections, and fragmentation functions.

main features, but does not usually provide a quantitatngetstanding. The first-order (“next-
to-leading order” (NLO)) corrections are generally ingispable in order to arrive at a firmer
theoretical prediction for hadronic cross sections.

There have already been results from RHIC that demonstratehite NLO framework out-
lined above is very successful. Figure 6 shows comparisbmamta from PHENIX [59] and
STAR [60] for inclusive-pion productiopp — 7°X with NLO calculations [61, 62, 63]. As can
be seen, the agreement is excellent at central and forwaiditras, and down even to; values
as low apr > 1 GeV. In Fig. 7 we decompose thé cross sections of Fig. 6 into the contribu-
tions from the various two-parton initial states [65]. ltegident that in both cases, central and
forward, processes with initial gluons dominate by far fug pion transverse momenta accessed
so far. This implies thatp — 7°X provides an excellent probe of gluons in the nucleon.

A similar comparison is shown for prompt-photon productign— ~X in Fig. 8. The left
part presents the recent result of a measurement by PHENIPX&tng with the NLO calcula-
tion [67, 68]. Again, very good agreement is found. On thatiigve show the decomposition of
the NLO prompt-photon cross section into the contributitvam the initial partonic states. The
guark-gluon “Compton process” dominates at a level of 75%.

We note that an agreement between data and NLO calculati@nthe one seen in Figs. 6
and 8 was not found in previous comparisons made in the fixepet regime [69]. The good
agreement of the pion and photon spectra with NLO QCD at RH|{G'sand the good precision
of the RHIC data provide a solid basis to extend this type olyaigato polarized reactions. The
clear sensitivity to gluons in the initial state further reakhe reactions very promising probes of
gluon polarization.

We have so far only discussed single-inclusive reactiohsrdare also data from unpolarized
proton-proton collisions at RHIC that mark the beginning odrpising studies of two-particle
correlations in the final state. Figure 9 shows results fraiARSfor azimuthal correlations of
two produced charged hadrons in coincidence [70]. Coroglatof the type shown in Fig. 9
are interesting as they are sensitive probes of QCD dynarfa@sinstance, at lowest order and
for initial partons collinear with their parent hadronsg tistribution in Fig. 9 would only have
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Figure 6:Data from PHENIX (left, [59]) and STAR (right, [60]) for the@ss section for inclusive
7% productionpp — 7°X at /s = 200 GeV. The lines show the results of the next-to-leading
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pared to the NLO calculation [67, 68]. Right: Decompositidrtloe NLO cross section into the
contributions from initialgg and ¢g+other states.

support atA¢p = 7, corresponding to exact back-to-back kinematics. A brastidution around
A¢ = m as seenin the figure may result in QCD from gluon radiation feord “intrinsic” parton
transverse momenta. The theoretical analysis of theseteffe/olvesall-order summations of
certain perturbative corrections and is relatively weltlerstood. As we will see in Sec. 2.8,
for transversely polarized initial protons there may beriesting spin effects associated with
distributions such as the one shown in Fig. 9, that possitaipg parton orbital angular momenta
in the proton. We note that also rapidity correlations betwivo particles in the final state are
investigated at RHIC. With improving detector capabilitidsgse, too, will play an important
role in spin physics at RHIC since they allow to pin down thepobess kinematics to a good
degree and hence may contribute to precise mappings of tlelependent parton densities of
the proton.

We will now turn to polarized pp collisions at RHIC.

2.4 Probing the spin structure of the nucleon in polarized pp collisios

The measured quantities in spin physics experiments at Ri§pin asymmetrieAs an exam-
ple, for collisions of longitudinally polarized proton bag, one defines a double-spin asymmetry
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Figure 9: Azimuthal correlations of two charged hadrons produced imcidence, as seen by
STAR [70]. The correlation function is normalized by the bemof trigger charged particles
having4 < péfig < 6GeV/c in the pseudorapidity intervaj| < 0.7. The associated charged
particle has 2 GeVie pr < ptT”g in the same interval. Same-sign and opposite-sign charged
particles are discriminated. The data are fit by the sum of taa$3ian distributions to represent
near-side(|A¢| ~ 0) correlations from di-hadron fragments of the same jet, apdasite-side

(|A¢| ~ m) hadron fragments from nearly back-to-back jet pairs.

for a given process by

A, = ZO(++> do(+—) _ dAo | (12)

o(++)+do(+—)  do

where the signs indicate the helicities of the incident gmet The basic concepts laid out so
far for unpolarized inelastic pp scattering carry over te tdase of polarized collisions: spin-
dependent inelastic pp cross sections factorize into ‘Yoetsd of polarized parton distribution
functions of the proton and hard-scattering cross sectiessribing spin-dependent interactions
of partons. As in the unpolarized case, the latter are cabbeiin QCD perturbation theory since
they are characterized by large momentum transfer. Scleathatone has for the numerator of
the spin asymmetry:

dAo= > Af, @ Afy ® dAby, (13)
a,b=q,q,9
where® denotes a convolution and where the sum is over all coninigpytartonic channels
a + b — ¢+ X producing the desired highr or large-invariant mass final statéAs,, is the
associated perturbative spin-dependent partonic cratissedefined as

ANy = % [ d6a(+4) — doap(+)] (14)

the signs denoting the helicities of the initial partan$. The sensitivity with which one can
probe the polarized parton densities will foremost depanthe weights with which they enter
the cross section. Good measures for this are the so-caltdnic “analyzing powers”. The
latter are just the spin asymmetries

A Ao ap(++) — dogp(+—)
P 46 () + dbap(+—)

(15)

for the individual partonic subprocesses. Figure 10 shitnvesd analyzing powers at LO for all

partonic reactions. One can see that they are usually véstautial. For future reference, we
also give the subprocess asymmetriesfansversepolarization. Here, Eq. (13) applies as well.
The parton densities are then the transversity distribatito be discussed in more detail below,

20



17
0.75 F E
0.5
025F D
B B
0F
[ Agg—gg Dqq— qq [ Bada—-qq
0250 Bgg qq E gg— qq 025F Do qq
[ Cqqd > qq qq —» &g [ E 49— 88
050 qq'— qq' M- g 05LF aq— gy
T qg > qg qq = q'q" T qq > qq"
F qg = qy a7 F qq = /1
-0.75F -0.75 -
L E [
1 -1 -
Covo b bbb b b ben by bes Covo b bbb b b b bonn bes
-0.8  -04 0 0.4 0.8 -0.8 -04 0 0.4 0.8
cos6 coso

Figure 10:Spin asymmetries for the most important partonic reactetRHIC at lowest order
in QCD. Left: helicity dependence, right: transverse patation.

and the partonic cross sections are defined as in Eq.(14jobtransverse initial polarization.
One customarily uses a smalto designate transversely polarized quantities. In this@e, we
will focus on the longitudinal case; we will return to traesse polarization in Sec. 2.8.

Since the partonic cross sections are calculable from firstiples in QCD, Eg. (13) may
be used to determine the polarized parton distributiontfans from measurements of the spin-
dependent pp cross section on the left-hand side. The tpaia here is, as discussed in the
previous section, that the parton distributions are usaerThey are the same in all inelastic
processes, not only in pp scattering, but also for exampdeaply-inelastic lepton nucleon scat-
tering which up to now has mostly been used to learn aboueouadpin structure. This means
that inelastic processes with polarization have the vamacttve feature that they probe funda-
mental and universal spin structure of the nucleon. In &ffee are using the asymptotically free
regime of QCD to probe the deep structure of the nucleon.

At RHIC, there are a number of sensitive and measurable pregas®ur disposal. The key
ones, some of which will be discussed in detail in the follogyiare listed in Table 1, where
we also give the dominant underlying partonic reactionsthedspect of nucleon spin structure
they probe. We emphasize that, even though we have only sh@wresults in Fig. 10, the
NLO corrections are available for each process relevanRflC-Spin, thanks to considerable
efforts made over the past decade or so. We give referenbe twtresponding work in the first
column of Table 1. These calculations bring the theoretaddulations for RHIC-Spin to the
same level that has been so successful in the unpolarizedasademonstrated by Figs. 6 and 8.
For each of the processes in Table 1 the parton densitiesweithadifferent weights, so that each
has its own role in helping to determine the polarized padistributions. Some will allow a
clean determination of gluon polarizations, others areensansitive to quarks and antiquarks.
Eventually, when data from RHIC will become available for tosall processes, a “global”
analysis of the data, along with information from leptontsarang, will be performed which then
determines thé\q, Ag, Ag. For further details, see Sec. 2.6.
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Reaction | Dom. partonic process probes| LO Feynman diagram

pp—m+ X 3dq — g9 Ag 3)"”§
[61, 62] qq9 — qg j i
pp — jet(s) + X Jg — 99 Ag 0
[71' 72] q*g*—> qq (as a OVE)
pp—y+X a9 — vq Ag
pp — v +jet + X q9 — vq Ag >_<
pp—y+X qq — vy Aq,Aq —r
[67, 73, 74, 75, 76]

—I e~
pp — DX, BX GG — cc, bb Ag
[77] zg) vTT <
op— ptp X 73— —ptum | Ag,Ag
(Drell-Yan) [78, 79, 80] >\/\<
pp— (Z°, W)X 77— 2° §'qg—W* | Aq,Aq
= (WX | §g—WE G- W >---
[78]

Table 1:Key processes at RHIC for the determination of the partotidigions of the longitudi-
nally polarized proton, along with the dominant contribgfisubprocesses, the parton distribu-
tion predominantly probed, and representative leadindeoiFeynman diagrams. The references
given in the left column are for the corresponding nexteaeling order calculations.

We will now address some of the most important processes ire etail, summarizing
theoretical predictions and experimental plans and paisg RHIC. We will start with those
that are sensitive to gluon polarization in the proton, drehtdiscuss$V production which will
give information about the quark and antiquark polarizaio

2.5 Exploring the gluon contribution to the proton spin

To learn about the contribution of gluons to the proton spithe most compelling motivation for
doing experiments with polarized protons at RHIC. The impuargaof measuring the polarized
gluon distributionAg(z, Q%) has been universally recognized ever since the “spin trigs
discovered. In fact, besides RHIC, there are — and have be&e ipaist — several other efforts
in the world to accesag. In the early 1990s, the E704 experiment at Fermilab medd8dg

the double-spin asymmetvyﬂ in pp — 7°X with a polarized proton beam and polarized target
at/s =~ 20 GeV, accessing pion transverse momenta gf pr < 4 GeV. As we described in
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Sec. 2.1, fixed-target inclusive DIS, so far the main tool Dspin physics, is not well suited
for measuring the gluon density of the probed nucleon, stheephoton primarily “sees” the
quarks and antiquarks. Constraints Ap(x, Q?) may be derived from th€?-evolution of the
structure functiory, (z, @%). Certain more exclusive final states such as pairs of heawyrfiar
high-transverse momentum hadrons select the photon-d@liston process*g — ¢g, resulting
in sensitivity toAg. This is the strategy adopted by the lepton-nucleon soagtexperiments
SMC [4], HERMES [5] and COMPASS [6]. The ongoing experiments lariefly described in
Sec. 2.9, and their sensitivities fxy are included in Fig. 15 below.

RHIC unites several features that make it unique to explagegthon polarization. Its first
asset is the high energy, where the all-important the@letmncept of factorization (see Sec. 2.3)
is expected to work best. Indeed, several unpolarized pgsections for reactions sensitive
to gluons have already been measured at RHIC and are desevddedy perturbative QCD
predictions, see Figs. 6 and 8. At collider energies, a rarigenematics opens up, allowing
transverse momenta of an observed final state well into therrelescribed by perturbative QCD,
for mid and forward rapidities. The spanps allows probes ofAg(z) over a wide range of,
thus helping to significantly constrain itsintegral. In addition, quark polarization measurements
at RHIC will be compared to those from DIS.

The next crucial feature of RHIC is that two different enesgig¢’s = 200 and 500 GeV,
will be available. It is conceivable that gluons are stillhexr strongly polarized towards low
momentum fractiong, so that a significant contribution to the integral§ could come from
that region. This becomes evident from the left part of Fiy. ihich shows again results for
Ag(z,Q* = 5 GeV?) from several recent analyses [1, 2, 36] of scaling violaionpolarized
DIS, along with ranges i\ g that were found in these analyses to be presently not ruledyou
the data. We plotAg(z, Q%) as a function ofog(z), so that any part of the area underneath the
curve directly gives the contribution to the integﬁlAg(:c, Q?)dx. The current uncertainties do
not rule out sizable contributions from< 0.01. It is therefore important to have information on
Ag at as small momentum fractions as possible. Roughly, at npiditg at RHIC, the lowest
momentum fraction probed by a high-final state ist ~ pr/+/s. Sincepr needs to be high
enough for the process to remain amenable to QCD perturbéusamy, a key to access smaller
x IS to increaseenergy. This makes collisions at 500 GeV indispensable. hAtsame time,
measurements af's = 200 GeV better probe larger, which may also contribute significantly
to the integral ofAg. In addition, there is a large overlap between thesgions covered at
v/s = 200 and 500 GeV, respectively. The importance of this is easibrlooked, but hard to
overrate. Perturbative QCD makes definite predictions ferahergy dependence of the cross
section, so the consistency of tRes = 200 vs 500 GeV results with the predicted changes
will provide an important test of the theoretical framewo@CD spin interactions at such high
energies are uncharted territory, becoming only now adadesat RHIC, and their test is of
fundamental importance.

What we have described so far would already give RHIC good bitiisis to access\g
even if there were only one physics channel to study. Thererpats at RHIC will measure
a variety of channels, each of them highly sensitive to glpotarization, and each with its
individual strengths. We have listed the key processesliteTA PHENIX and STAR differ in
their capabilities to detect the various channels. Withamapgrades in preparation, coverage
will be increased with time, allowing ever more detailedds#s of the key physics processes,
for instance also in terms of coincidences of two particteshie final state. Again, this will
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be instrumental in precisely mapping thedependence of\g. The main power of RHIC in
telling us about\g(z, Q?) lies in thecombinationof all these planned measurements, which will
determineAg(z, Q?) over a wide range of andQ? as well as test the robustness of the overall
approach. We will now address each of the key processesduodily. In what follows, we will
select the GRSV Ag-band” [2] shown in Fig. 11 (and for the quark distributionsHig. 4) as

a guide. Within the framework of the NLO calculation avai@abor each of the key processes,
we will translate this band into a band for the double-spynasetriesA; ;, for the various key
processes. This band, which we will refer to as “NLO theorgdiaindicates a current range
in theoretical model predictions fot; ;. We will then confront the result with the expected
sensitivities at RHIC. Note that the right part of Fig. 11 degd the corresponding band for
Ag/g. The measured spin asymmetridg; are effectively proportional td\g/g in linear or
guadratic form. The “target” luminosities used for expegirtal sensitivities aim to improve the
statistical precision folAg over current DIS analyses by at least a factoB, even for the pp
channel with the smallest cross section (but cleanest) tosgabeA .

The abundant probes: highp pions and jets. To match the expected improvements in ma-
chine and detector capabilities, STAR and PHENIX will addréhe gluon polarization with a
progression of probes. At the moment, as RHIC is still devielpigher luminosity and po-
larization, measurements exploit the abundant channelméusive pion and jet production.
Indeed, PHENIX has already published [83] firkt; data forpp — 7°X from the 2003 RHIC
run, shown in Fig. 12. Even with an integrated luminosity ofyoa few hundred nb' and a
beam polarization of 30% the data are already at the verge of constraindiggat a level com-
parable to the information extracted from the polarize&Database. This is only the beginning,
of course. The improved luminosity and beam polarizaticicgrated for the 2005 run should

Figure 11:Left: results forAg(x, Q* = 5 GeV?) from recent NLO analyses [1, 2, 36] of polarized
DIS. The various bands indicate ranges Ay that were deemed consistent with the scaling
violations in polarized DIS in these analyses. The rathegdadifferences among these bands
partly result from differing theoretical assumptions iretextraction, for example, regarding the
shape ofAg(z) at the initial scale. Note that we shawAg as a function ofog(x), in order

to display the contributions from variousregions to the integral of\g. Right: the “net gluon
polarization” Ag(x, Q?)/g(z, Q%) at Q* = 5 Ge\?, usingAg of [2] and its associated band,
and the unpolarized gluon distribution of [82].
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Figure 12:PHENIX measurements [83] for the double-spin asymmégﬂyat central rapidities.
The curves are NLO calculations [61] based on the parton diessof [2]. “GRSV-std” refers
to the central fit to polarized DIS data, “GRSV-max” to the ep@nd of the bands shown in
Fig. 11.

already provide an order of magnitude decrease in statistiecertainties. With time, this chan-
nel will become a high-precision probe. Figure 13 shows kO theory band” forAj, at
Vs = 200 GeV, along with expected sensitivities for the PHENIX expent to be achieved
for integrated luminosity of 65/pb and polarizatiae’%. We emphasize that these sensitivities
are based on measurements already made [59], and hencedraterrealistier® triggering and
reconstruction efficiencieg(% at highp; for the PHENIX7? measurement). Note that we have
chosen the kinematic regime in Fig. 13 corresponding to.Fgmd 7, that is, where measure-
ments have already been made in the unpolarized case andgsoms to NLO theory have been
successful.

Figure 14 shows projections for the spin asymmetry for isielerjet productiopp — jet+X
at STAR, in the rapidity region-1 < 7** < 2. On the left we show calculations fgfs =
200 GeV. We also show projected uncertainties for the 2005 rugaiy these are based on
measurements already made, and hence incorporate egistriggering and reconstruction
efficiencies (at least one jet successfully reconstructed 50% of events triggered by the mix
of triggers anticipated for the 2005 pp RHIC run with STAR). detly, the data anticipated
from the 2005 run alone will significantly reduce the curr&gt ) uncertainties. On the right of
Fig. 14 we show the prospects for the longer-term future ,nndadlisions at,/s = 500 GeV will
be available. With luminosity 309/pb and polarizatiorv6$o, very precise measurements should
emerge. Experimental efficiencies and bandwidth limitseesssumed. A systematic uncertainty
on the raw asymmetry measurement is assumee &t

Figure 15 shows sensitivities for the gluon polarizationRiHIC and the DIS experiments.
Projections in the left panel are for RHIC-PHENIX future measoents forr® at 200 GeV cen-
ter of mass energy and the right panel shows projectionsferfpr RHIC-STAR for 500 GeV
energy. These are for the RHIC target luminosities. It is irtgod to recognize that the ex-
periments measure the beam helicity asymmelry. Its conversion ta\g/g requires a global
analysis, to be discussed in the next section. This ploesgmts aexampleof the sensitivity to
Ag/g of the different experiments.

Pion and jet production are very powerful probes of gluorapnation at the single-inclusive
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Figure 13:The current uncertainty irAzOL due toAg (see Fig. 11), and projected sensitivities
for measurements by PHENIX at mid rapidities aj/d = 200 GeV for integrated luminosity
of 65/pb and polarizatiorr0%. Note the “cusp” in the theory band neax- = 10 GeV which
results from use of a gluon distribution with strong negafpetarization. The cusp occurs when
the procesgg — qg (which contributes negatively to the spin asymmetryfgr< 0) starts to
dominate overg — gg (which is always positive). This is emphasized by the dashesd.li
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Figure 14: “NLO theory bands” for inclusive-jet production ay/s = 200 and 500 GeV, for
rapidities —1 < n < 2. As before, the bands illustrate the current uncertaintg ttuAg. The
errors are projections as described in the text. The leftgpamows expected uncertainties for
the 2005 run only.

level (pp — 7°X, orpp — jetX, respectively). Further important measurements willdg

for the production ofpairs of hadrons or jets detected in coincidence, as a functioh bot
transverse momenia, , and pseudorapiditieg , of the detected particles. For example, in the
case of dijet production, if LQ — 2 processes and kinematics dominate, one can unambiguously
reconstruct the partonic momentum fractions in the indigestons as:;; = py(e " +e ) /4/s,
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Figure 15: Plot of the gluon polarizationAg/g, vs. z, the fraction of the proton momentum
carried by the gluon. The curves in both panels show the ghaarizations from two analy-
ses [1, 2] of polarized deeply-inelastic scattering daté [Brojections in the left panel are for
RHIC-PHENIX future measurements fdrat 200 GeV center of mass energy and the right panel
shows projections for jets for RHIC-STAR for 500 GeV energgsélare for the RHIC target lu-
minosities. Results and projections from existing fixegdtdeep inelastic scattering experiment
di-hadron data [4, 5, 6] are also shown. Experiments measwedeam helicity asymmetdy ;..

Its conversion ta\g/g requires a global analysis. This plot represents an exaropkensitivity

to Ag/g of the different experiments.

xy = pr(e™ 4 e™)/\/s, wherep is the transverse momentum of each of the jets. Likewise,
strong correlations between measured kinematic variavidgpartonic momentum fractions are
found when the jets are replaced bYy's as surrogates. We give an example from a Monte-
Carlo simulation in Fig. 16. A neutral “trigger” pion is deted at forward rapidities3 <

N1 < 4 and withpr ., > 2.5 GeV. Because, ; is so large, partonic collisions tend to become
very asymmetric, with the momentum fraction associated with the proton moving in forward
direction large, ana, small. More precisely, selecting a second pion within< py ., < pr..,

one can now virtually “dial’z,, as shown by the correlation in Fig. 16. In particular, chiogs;. ;
fairly large as well, the smallest become accessible. Selective information obtained inthis
may be more powerful in providing information akg(z, @?) at lowerx than single-inclusive
production, and hence be vital in constraining the integfalg. As an additional benefit, in this
kinematic regimeAgOL is mainly driven by quark-gluon scattering (see the right paFig. 7)
and hence is mostly sensitive fiy(x;)Ag(z2). At high z, quark polarization is known to be
large from the polarized-DIS measurements. A region of plsgsace with sizeable- and large
An, whereqq scattering is important, can also be exploited to providarkpolarization results
that can be compared to DIS.

Direct-photon production. Another important process at RHIC for measuriAg(z, Q?) is
direct-photon productiopp — ~vX. For RHIC kinematics, this channel is dominated at the
~ 75% level by quark-gluon scattering, starting with the LO QCD Coompprocessg — ¢
(see the right part of Fig. 8). The simple pointlike couplioigthe photon in this process is
well-understood in Quantum Electrodynamics, and the amajypower is large (see Fig. 10).
Thus direct-photon production provides strong and neartiiluted sensitivity ta\g(z, @?). In
particular, its spin asymmetry isearin Ag, unlike the case of pion and jet production discussed
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Figure 16:PYTHIA study ofr’z" pair production in pp collisions at/s = 200 GeV. A trigger
pion is detected at forward rapidities. The plot shows cotielss between the rapidity of an
associated pion and the softer momentum fraction probeldeptoton (see text). For the condi-
tions used for this figure, the expected uncertainty4Agy measurements will be at the half-per
cent level over the whole range @f .

above where at lower; terms quadratic id\g may dominate. An important role of direct-photon
production will therefore be to determine thignof gluon polarization. This becomes evident in
Fig. 17 which shows the “NLO theory band” fet] ; for inclusive photon production at RHIC,
for both /s=200 and 500 GeV. The calculations include an isolation authe photon [74], as
will be imposed experimentally to suppress contributios jets. The projected experimental
error bars in Fig. 17 represent statistical and backgrowtdraction errors with realistipr
cuts, achievable at RHIC with beam polarizations of 0.7 atebirated luminosities recorded at
PHENIX of 65 pb! at 200 GeV and 309 pb at 500 GeV. Comparison of these error bars with
the present theoretical band shows that from prompt phatodugtion alone, despite its small
cross section, one can substantially improve upon preseetrtainties in the gluon polarization.
In particular, the sign of\g(z, Q?) readily translates into the sign df] ;. We emphasize again
that there are already measurements of the unpolarized sexsion forpp — X at /s =
200 GeV from PHENIX [66] which are in good agreement with the NLI@aretical calculations
(see Fig. 8).

As for pions and jets, studies of coincidences in the findesia this case of a photon and
a recoiling jet or leading hadron, will prove very useful fmoviding an experimental map of
the so far unconstrained shapeXf(x, Q?). This again allows event-by-event constraints on the
colliding parton kinematics. Measurementopf— ~ + jet + X will be a particular emphasis in
the STAR experiment. The possibilities are illustrated BB simulations in Fig. 18. Here, a
LO analysis of the parton kinematics from the detected phatul jet properties has been used to
determine the quark and gluervalues event by event. Conservative cuts requiping 10 GeV
and the larger of the two momentum fractions to be bigger €haifthe latter to select the quarks
with highest polarization) have been imposed on the eveotaded in Fig. 18. The simulations
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Figure 17:“NLO theory bands” for single-inclusive direct-photon prectionpp — v X at/s =
200 and 500 GeV, for central rapidities. As before, the bandsthate the current uncertainty due
to Ag. The errors are projections for the PHENIX experiment for @&t¢lC target luminosities.
Comparable precision o] ; will be attained for inclusive direct-photon production AR at
both 200 and 500 GeV.

illustrate the statistical uncertainties achievableNig(x) for three different parameterizations
of [8] consistent with the DIS database. The sensitivityltamg polarization is evident.

Heavy-flavor production. One final set of channels for probing gluon polarization at Kitlat
we will discuss here involves the production of hadronsyesag “open” charm or bottom quarks.
Planned vertex detectors for both STAR and PHENIX are nacg$s select these events based
on displaced vertices. The heavy-flavor final states areymex predominantly by gluon-gluon
fusion,g + g — Q + Q (see Table 1), so that the spin asymmetry provides quadietisitivity

to Ag. The decay of heavy-flavor mesons dominates the inclusivduation of leptons in the
~ 2 — 10 GeV/c range, so that the highest statistics measuremertsanfy flavor production
will be made via inclusive electron or muon spectra. Forweapdon detection would provide
access to gluons at low Figure 19 shows PHENIX projections df; ; uncertainties attainable
via inclusive electron detection at mid-rapidity. RHIC maa&snents of heavy flavor produc-
tion, including hidden flavor in//« production, will also help to test the quantitative level of
understanding of these channels and the assumption of filsam dominance.

2.6 Global Analysis

Global analysis of hard reaction data with longitudinalblgrized beams will provide an opti-
mal framework to combine the various production channelhefprevious section into a sys-
tematically controlled extraction akg(z). The technique is to optimize the agreement between
measured cross sectiong®, relative to the data accurady<?, and the theoreticat*® by min-
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Figure 18: Simulated gluon polarization effects for a measurementamalysis ofA;; for -

jet coincidences with the STAR detectorat=200 GeV and 500 GeV. In order to illustrate the
sensitivities, results are plotted vs. thg,., values reconstructed event-by-event from the coinci-
dence kinematics, under the simplifying assumption of linealr quark-gluon collision. Upper
panels show the distribution of events and the projectedipp values based on a particular
parameterization (set A in [8]) of\g(x), with statistical errors only. The lower panels show
gluon helicity preferences reconstructed from a LO analysr three different input gluon dis-
tributions [8], plus fits demonstrating consistency of tkg&cted and input gluon polarizations.
200 (500) GeV data are needed to constrain the shape\sf(x) above (below) its anticipated
maximum. The net gluon contribution to the proton spin igesented by the area under the
xAg(x) curve, fromx = 0 to x = 1. With the integrated recorded luminosities assumed in this
document, updated analysis cuts, and inclusion of updatedonstruction efficiencies and sub-
traction of residualr® background, the measurement uncertainties would be a factbtarger
than those shown, while the peaks of themnge probed would shift downward by 25%.

imizing the? function

th ex 2
9 o (Ag,...) — o®P
= 16
* meas;nents ( oo 7 ( )

through variation of the shapes of the polarized partorridigions. As demonstrated, RHIC
will add to the above sum over “global” measurements newti@ag that are mostly sensitive
to the gluon polarizatiod\g(x). The advantages of a full-fledged global analysis prograen ar
manifold:
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Figure 19:Projected uncertainties in the spin asymmetry for heavyflaroduction for PHENIX
measurements gf's = 200 GeV with a proposed vertex detector.

e The information from the various reaction channels, oatliabove, is all combined into a
single result forAg(z).

e The global analysis effectively deconvolutes the expentalenformation, which in its raw
form is smeared over the fractional gluon momentuyrand fixes the gluon polarization at
definite values of:.

o State-of-the-art (NLO) theoretical calculations can bedusithout approximations.
e It provides a framework to determine an error on the gluoauzation.

e Correlations with other experiments, to be included#in Eq. (16) and sensitive to de-
grees of freedom different fro g, are automatically respected.

The above items have been developed very successfully augy years for unpolarized parton
densities [64, 84, 85]. The extraction Afy will benefit from the fact that these techniques can
be adapted to the analysis of polarized data [1, 2, 8, 35,&6,18 constrain the polarized quark
and antiquark distributions, the global analysis will unb$ also the results from polarized DIS,
and eventually from W production at RHIC, to which we will turom

2.7 W production at RHIC
2.7.1 Introduction

Measurements in polarized DIS [3], when combined with infation from baryon octef-
decays [87], show that the total quark-plus-antiquark roution to the proton’s spin, summed
over all flavors, is surprisingly small. In the standard iptetation of the3-decays [87], this
finding is equivalent to evidence for a large negative pp&ion of strange quarks in the proton,
which makes it likely that also the SU(2),(d) sea is strongly negatively polarized. This view
is corroborated by the fact that in this analysis the spiniedyfor example, by: quarks comes
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out much smaller than generally expected in quark modell [Biplying that a sizeable nega-
tive u-sea polarization partly compensates that of the valergquearks. Alternative treatments of
the information from3-decays [88, 89], when combined with the DIS results, alseadly yield
large negative: andd polarizations. Inclusive DIS (througft exchange) itself is sensitive to the
combined contributions of quarks and antiquarks of eacloflaut cannot provide information
on the polarized quark and antiquark densities separddalgctly measuring the individual po-
larized antiquark distributions is therefore an excitiagktand will also help to clarify the overall
picture concerning DIS and thedecays.

Further motivation for dedicated measurements of antlqdansities comes from unpolar-
ized physics. Experiments in recent years have shown [454 76 strong breaking ofU (2)
symmetry in the antiquark sea, with the rafie) /u(z) rising to 1.6 or higher. Itis very attractive
to learn whether the polarization afandd is large and asymmetric as well. Within the chiral
quark soliton model based onlaN, expansion, it is expected that the polarized flavor asymme-
try, Au — Ad, is larger than the experimentally established flavor asgtnyin the unpolarized
sector [43]. A measurement of the polarized flavor asymmeiityshed light into the underly-
ing mechanism responsible for the expected polarized flasspmmetry. RHIC experiments will
measure theé/u unpolarized ratio and the andd polarizations separately.

Semi-inclusive DIS measurements [90] are one approachhie\dng a separation of quark
and antiquark densities. This method combines informdt@mmn proton and neutron (or deuteron)
targets and uses correlations in the fragmentation prdesesen the type of leading hadron and
the flavor of its parton progenitor, expressed by fragmendtinctions. The dependence on the
details of the fragmentation process limits the accuradiiisfmethod. At RHIC the polarization
of thew, @, d, andd quarks in the proton will be measured directly and precissing maximal
parity violation for production ofV bosons irud — W+ andda — W~ [78, 91, 92, 7].

2.7.2 Basic concepts of W production

Within the standard model}” bosons are produced through puifed interaction. Thus, the he-
licity of the participating quark and antiquark are fixedhe reaction. In addition, thé” couples

to a weak charge that correlates directly to flavors, if wecentrate on one generation. Indeed
the production ofi¥’s in pp collisions is dominated by, d, %, andd, with some contamination
from s, ¢, 5, and¢, mostly through quark mixing. Therefol® production is an ideal tool to
study the spin-flavor structure of the nucleon.

The leading-order production &F's,ud — W, is illustrated in Fig. 20. The longitudinally
polarized proton at the top of each diagram collides with apalarized proton, producing a
W+. At RHIC the polarized protons will be in bunches, alternateght- (+) and left- )
handed. The parity-violating single-longitudinal spity@snetry is the difference of left-handed
and right-handed production &f s, divided by the sum and normalized by the beam polarization

1 N_(W) = No(W)

AL =5 N_(W)+ N, (W)

17)

We can construct this asymmetry from either polarized beard,by summing over the helicity
states of the other beam. The production of the left-handeakvibosons violates parity maxi-
mally. Therefore, if for example the production of tHé" proceeded only through the diagram
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Figure 20:Production of @V * in app collision, atlowest order.d) Au is probed in the polarized
proton. ¢) Ad is probed.

in Fig. 2(u, the parity-violating asymmetry would directly equal tlemgditudinal polarization
asymmetry of the: quark in the proton:

wi _ u_(z)d(wa) — i ()d(r)  Au(zy)
A T () s (e (o) 4o
Similarly, for Fig. 2@ alone,
AV d (z1)u(zs) — cg(xl)u(m) _ _Afi(xl). (19)

In general, the asymmetry is a superposition of the two cases

Wt _ Au(xy)d(x) — Ad(zy)u(xs)
Az w(zy)d(zg) + d(x))u(zy) (20)

To obtain the asymmetry fdi#’ —, one interchanges andd.

For thepp collisions at RHIC with,/s = 500 GeV, the quark will be predominantly a va-
lence quark. By identifying the rapidity of tHé’, v, relative to thepolarizedproton, we can
obtain direct measures of the quark and antiquark polésizsitseparated by quark flavot} "
approacheg\u /u in the limit of yy, > 0, whereas foyy, < 0 the asymmetry becomesAd/d.
Higher-order corrections change the asymmetries onlyla [i8].
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Figure 21:W kinematic coverage af, andz, for different values of -4 < y < 4, comparing
RHIC aty/s = 500 GeV to the Tevatron kinematic region gk = 1.96 TeV and LHC at/s =
14 TeV.

The kinematics oV production and Drell-Yan production of lepton pairs is tlheng. The
momentum fraction carried by the quarks and antiquarkandz, (without yet assigning which
is which), can be determined frog,,

M M
T = \/I;_Veyw, To = —\/VEV e I, (21)

Note that this picture is valid for the predominant prodoictof W's atp; ~ 0. The exper-
imental difficulty is that thed is observed through its leptonic declly — [v, and only the
charged lepton is observed. We therefore need to relategten kinematics tgy,, so that we
can assign the probability that the polarized proton predithe quark or antiquark. Only then
will we be able to translate the measured parity-violatisgnametry into a determination of the
quark or antiquark polarization in the proton.

Figure 21 shows the W kinematic coverage:ptindz, for different values of y-4 < y < 4,
comparing RHIC at/s = 500 GeV to the Tevatron kinematic regiongk = 1.96 TeV and LHC
at /s = 14TeV. RHIC is in a unique position to constrain quark distribotfunctions, both
unpolarized and polarized, at high Bjorken-x where quarkriigtion functions exhibit larger
uncertainties compared to lower values in Bjorken-x.

The rapidity of thell is related to the lepton rapidity in tHé& rest frame ¢;’) and in the lab
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Figure 22: Helicity configuration ofli’~ (left) and W (right) production showing on top the
helicity configuration of the incoming quark and antiquafke middle panel shows the direction
of theW spin. The lower panel displays the preferred directiomofe™ quoting the scattering
angled* in theW centre-of-mass system measured with respect to the posixis.

frame (") by

lab 1 [1+cos@*] 22)

=y here vy = =In| ———
Yo=Yt yw, where g = ol 9

Heref* is the decay angle of the lepton in thHeé rest frame, and c@$ can be determined from
the transverse momentumy{() of the lepton with an irreducible uncertainty of the sigB][%ince
M,
plTepton =ph = —2W sinf*. (23)
In this reconstruction, ther of the W is neglected. In reality, it hasya, resulting for example
from higher-order contributions such gg — W+*d andud — Wg, or from primordialp; of
the initial partons.

The Standard Modél/ boson is a purely left-handed current. The helicities ofréspective
quarks (negative helicity) and antiquarks (positive hl)are therefore fixed. The cross sections
for W+ andWW~ differential inyy;- and the scattering anghé of the decay lepton in thé” centre-
of-mass system is given as follows:

d?*c - N
<W) - ~ u(zy)d(ze)(1 — cos0*)° + d(xq)u(za)(1 + cos %) (24)

and

d*c ) Yy N
(W)WN d(1)i(2) (1 + cos 07)? + (w1 )d(x2)(1 — cos ) (25)

The characteristic dependence on thies shown graphically for the helicity configuration
of W~ (left) andW ™ (right) production. The top panel shows the helicity configion of the
incoming quark and antiquark. The middle panel shows thection of thell spin. The lower
panel displays the preferred directioncof/e™ quoting the scattering angh in the 1V centre-
of-mass system measured with respect to the positasas.
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Figure 23:Expected sensitivity for the flavor-decomposed quark atiq@erk polarization over-
layed on the parton densities of Reference [7] (BS) and oéi@ete [8] [GS95LO(A)]. Darker
points and error bars refer to the sensitivity frafy, (1, ) measurements, and lighter ones cor-
respond toA, (W_).

2.7.3 Experimental aspects on W production at RHIC

Usually W production is identified by requiring charged leptons wétgepr and large missing
transverse energy, due to the undetected neutrino. Sinmoe aficthe detectors at RHIC is her-
metic, measurement of missinpg is not available, which leads to some background. Possible
sources of leptons with highy include charm, bottom, and vector boson production. Above
pr > 20 GeVle, leptons fromi¥ decay dominate, with a smaller contribution fraffi produc-
tion. Both FHENIX and SAR can estimate the single-leptdéff background from measured
production. The additional background from misidentifiedifons is expected to be small at

high pr.

Expected yields were estimated wittvy fHIA [94] and RESBOsS [95]. The cross section
at RHIC for W+ (WW~) production is about 1.3 nb (0.4 nb). These estimates var§-y%
according to the choice of the parton distribution set. B 8! andp; > 20 GeV/e, PHENIX
expects about 8000/ *s and 80007 ~s in the muon arms (that the numbers are equal is due to
the decay angle distribution and acceptance), as well 89a8; " and 25007~ electron decays
in the central arms. Using Eqg. (21) to reconstrucdFigure 23 shows the expected sensitivity for
Af(z)/f(x), with f = u, d, u, d, for the FHENIX muon data.
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Figure 24:Leptonicpr cross section for thé)/* and W~ case with and without a cut on the
electron rapidity ofl < y. < 2.

The sensitivity for STAR has been estimated using the RHICBOSkéGram [96] based on
a calculation for resummation of large logarithmic conitibns originating from multiple soft
gluon contribution. This framework allows the predictidrtlee leptonic longitudinal single-spin
asymmetry for various distribution functions taking intaunt the impact of leptonic cuts such
aspr. The STAR Electromagnetic Endcap Calorimeter spans themegjil < y. < 2 which is
foreseen to be upgraded by a new tracking system to allowgehdiscrimination ot~ ande™
and therefore the identification & — andW* events.

Figure 24 shows the leptonjg- cross section for thB/+ andi¥~ case with and without a cut
on the electron rapidity of < 3. < 2. RHICBOS predicts foB00 pb~! based on CTEQ5M [84]
11200 *s and 392017 s in comparison to 80800 *s and 24000V s for the central rapidity
region of—1 <y, < 1.

The sensitivity to different distribution functions of th@derlying quark and antiquark dis-
tributions based on GRSV-STD, GRSV-VAL [2] and GS-A [8] is shmiw Fig. 25. GRSV-VAL
considers a flavor asymmetry scenario®af and Ad whereas GRSV-STD is based on a flavor
symmetric description. The projections in Fig. 25 are shéwma beam polarization df0% and
an integrated luminosity of00 pb~!. Clear discrimination power to the choice of the underly-
ing distribution function is seen in the forward directiondase ofi¥’~ production. ForiV+
production, the sensitivity is similar in the forward andrearegion.

RHIC will also significantly contribute to our knowledge albdlie unpolarized parton den-
sities of the proton, since it will have the highest-enesgyollisions. pp production ofi¥’s has
a much stronger valence component in the determinedi{@7)}/d(x) ratio. Isospin dependence
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Figure 25: The sensitivity to different underlying quark and antigualistributions based on
GRSV-STD, GRSV-VAL [2] and GS-A [8]. GRSV-VAL considersvarflasymmetry scenario of
Au and Ad whereas GRSV-STD is based on a flavor symmetry description.

in Drell-Yan production of muon pairs ipp, pd scattering [46], violation of the Gottfried sum
rule [45, 98], and recent semi-inclusive DIS measuremehtkijave shown that the unpolarized
sea is not SU(2) symmetric. At RHIC, the ratio of unpolariz€d and’V~ cross sections will
directly probe thel/u ratio, as shown in Figure 26.

2.8 Transverse spin structure

With the proton spin transversely polarized with respedtganomentum or the collision axis,
a novel helicity-flipchiral-odd twist-2 quark distribution, known as the transversity rilgttion
dq(z), appears [51, 52, 101]. In a (double) density matrix notefi®?2], the leading-twist quark
distribution function(z) of a nucleon may be written in terms of the unpolarized quésicie
butiong(x), the helicity distributiorA¢(z), and the transversity distributiaig(x), as

1 1 1
Fla) = §Q($) I'eI+ §AQ(37) 03 ® 03 + 55(](37) (0L ®o_+o0_®o04) . (26)
In Eq. (26), the first matrix in the direct product is in the laon helicity space and the second in
the quark helicity space. The transversity distributigfx) is as fundamental agx) andAq(z)

in QCD, and has its unique factorization scale dependenc® i@, 105] and transverse spin

sum rule [40] L
5752 / dz dga(w, Q%) + ), (Lsr)a(@) 27)

a=q,q a=q,q,G
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Figure 26:The ratioRy, = (do(W™)/dy)/(do(W™)/dy) for unpolarizedpp collisions at RHIC.
The shaded region indicates that unpolarizeccollisions are symmetric igy,. To illustrate the
sensitivity of the measurement, we show an earlier set obpaténsities (CTEQ4M [99]) and
a set (MRS99 [100]) that includes the latest informatiomfrDrell-Yan data [46]. Both curves
include an asymmetric sea with'u rising to 1.6 for increasing antiquark momentum fraction
xg, but the latter also includes a drop-off in the ratio for heghx;.

where Lg.. is the component of orbital angular momentum along the w@nsge spins, of the
nucleon.

We note thatig(x) and Ag(x) are not identical because boosts and rotations do not com-
mute in a relativistic theory. The difference between thge distributions thus carries im-
portant information about the nonperturbative structuréne proton. The three distributions,
q(z), Aq(z), 0q(x) are, however, connected through an inequality first dedoye8offer [106]:

20q(z)| < q(x) + Aq(x), (28)

which is valid for each quark flavay. Independent measurementsqdt), Aq(x), anddq(x)
and their factorization scale dependence provide a diestiof QCD dynamics. Determinations
of dq(x) over a largez-range will allow to extract the contribution to the nuclegensor charge,
fol dx(dq(z) — dg(x)), which may be compared to evaluations in lattice QCD [107].

It is also important to note that gluon transversity disttibns for nucleons do not exist at
leading twist. This is unlike the case for longitudinal spihere both quark and gluon polar-
izations can make contributions to the spin of the protonr tFemsverse polarization, gluon
transversity would require two units of helicity-flip, wiidhe nucleon density matrix cannot
provide.
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Unlike ¢(z) and Ag(z), in the helicity basis the transversity distribution does reveal its
probabilistic interpretation because the operator defidif(z) represents an interference be-
tween two different quark helicity amplitudes. In a basidrahsverse polarization states, how-
ever,0q(x) has a probabilistic interpretation analogous to the imeggtion ofAg(z) in the helic-
ity basis. This implies that transversity can be measuretldnsverse-spin asymmetries. Since
perturbative hard processes conserve helicity, chirdlaigtributions must appear in pairs. Al-
though the transversity distributions can be in principigacted from the measurementsooiu-
ble transverse spin asymmetriety; o dg(z) ® ¢’ (x'), the asymmetries often turn out to be too
small to be useful because of the dominance of the gluonitribation to the unpolarized cross
sections. Thereforeig(x) is better determined from observables dominated by quatikted
partonic processes, likérr of Drell-Yan [51, 52], orsingletransverse spin asymmetries (SSA),
An x dq(x). The latter requires also the aid of another chiral-odd larjxed nonperturbative
function, like the Collins function [108] described below.

Single longitudinal-spin asymmetries for single particielusive production vanish due to
parity and time-reversal invariance of QCD. Transverselsisgin asymmetries are not forbid-
den by these basic symmetries. Because of Lorentz invarieih@CD, we need at least four
vectors including the spin vector to construct a physicaligerved SSA. With a proton spin vec-
tor S not parallel to its momentum, a hadron level SSA can be cocigd to be proportional to
€uwapSt Py PSp? with beam momental’, and P, and observed particle momentynin single
hadron inclusive productio4(S) + Pg — h(pr) + X.

Significant single transverse-spin asymmetriesg, of ten or more percent of the unpolarized
cross sections, were recorded by Fermilab E704 experimethiei beam fragmentation region
of hadronict production atpr as large as 3 GeV [29, 109]. Since then, nonvanishing single
transverse-spin asymmetries have been observed in lowegyehadronic collisions [30, 110]
and semi-inclusive lepton-hadron deeply inelastic sdatie(SIDIS) [54, 111], as well as in
much higher energyp collisions at RHIC [60].

However, theoretically, it was pointed out a long time adgt{[ithat perturbative QCD at lead-
ing power in the collinear factorization formalism predictearly-vanishing single transverse-
spin asymmetriesdy o« asm,/pr, in inclusive single hadron production at large. This is
because the SSA requires a hadron-level helicity-flip apdaportional to a T-odd combination
of the vectorsAy o S (Pa(or Pg) x pr). Within the leading-twist collinear factorization for-
malism, the hadron helicity-flip requires a quark helidiip; which leads to then, dependence,
while the suppression of a power of is due to the T-odd combination which requires a phase
(or an imaginary part) from one of the two amplitudes.

Major theoretical progress has been made in the last decadaderstanding the “unex-
pected”, but observed, large SSA. It is believed that SSA usigue and excellent probe for
studying parton’s transverse motion and the strength otther Lorentz force inside a bound
nucleon.

Within the collinear factorization formalism, the partavel helicity-flip can be achieved
from the interference between an amplitude of a spin (1/2)lgstate and a spin (-1/2) quark-
gluon composite state without requiring a quark helicitg-ind quark mass [57, 113, 114]. The
required phase for the SSA can be generated from a partol@gcvgloich corresponds to the non-
local feature of the composite quark-gluon state and leadsrtatural growth of the SSA into
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the fragmentation region [57, 113, 115]. Because of the @rtténterference of a single parton
state and a two-parton composite state, correspondingentumpative matrix elements, known
as higher-twist matrix elements, do not have probabilitgripretations. Since the parton’s trans-
verse momentum is integrated over in defining the matrix elements, quatdeglcorrelation
functions in the collinear factorization formalism progiaveragedor integrated) information on
partons’ transverse motion, related to the averaged calmaritz force experienced by the quarks
[57]. These correlation functions are new physical obdaesfor probing nonperturbative QCD
dynamics.

If we go beyond the collinear factorization formalism, thecassary hadron-level helicity-
flip for SSA can be achieved by parton transverse motion dtardngular momentum without
requiring a parton-level helicity-flip. Ar-dependent (or un-integrated) parton distribution pro-
vides direct information on both longitudinal and transeemotion of a parton inside a bound
nucleon. As pointed out by Sivers [56], ka-dependent quark distribution of a transversely
polarized nucleon, could have both symmetric and antisyimokerms when the nucleon spin
S — —S. The antisymmetric term, known as the Sivers function, @¢dod a source of nonva-
nishing single transverse spin asymmetries. It represenisitial state correlation between the
transverse spin of the nucledfy and the parton transverse momentum in the nuckeoof the
form St - (P x kr), whereP is the nucleon momentum. Similarly, the Sivers mechanism ca
apply to the un-integrated gluon distribution to define agiua Sivers function [116]. The Sivers
functions should be directly related to parton’s transy@enstion and orbital angular momentum.
Understanding this connection is an active area of thexalatesearch [117].

It is also possible to generate a SSA by combining a non-zeaokgransversity distribution
together with the Collins-Heppelmann effect [118]. Sin@ngversity is a chiral-odd function,
measurements of transversity require another chiral-oddtion. This can be a polarized chiral-
odd fragmentation function (FF) which acts as an analyzehefiransversely polarized quark.
The single-hadron Collins FH{-(z, k) [108] displays itself as a correlation of the for- -
(Pjet x kr) whereSr is the transverse spin vectdP,., is the jet momentum an#l; is the
transverse momentum of the hadron with respect to the fraingequark. This FF depends not
only on the momentum fraction of the hadron with respect oghrtonz = Ej,/Epu0n, but
also onkr. Early on it was realized that the measurement of two hadfonandh,) within a jet
would also be sensitive to the Collins-Heppelmann effectivéacorrelationSr - (P, x Pp,)
[118]. However, a recent theoretical study [119] suggdsas the Collins-Heppelmann effect
may be suppressed for inclusive pion production in p+p siolis due to cancellations induced
by quantum phases. It was also pointed out that interfereatveeen s-wave and p-wave mesons
can analyze the transverse polarization of a quark [120]s $&-called di-hadron interference
FF 6g; has an advantage in that the theory can work within a coltispproximation, free from
gluon radiation effects which can modify the asymmetry. Titerference FF depends on the
invariant mass of the two hadrons and the total momentuntidéraec = z;,; + z,2. A model
calculation [120] suggests that there will be a sign chamgaral thep mass for fragmentation
into 7+ + 7. Recent data from the HERMES collaboration provide some aiiio of the
existence of this change in sign [121].

Much of the predictive power of QCD is provided by the univétgaf nonperturbative par-
ton distributions and/or fragmentation functions in faiation theorems for hadronic processes.
In order to quantify and measure the parton transverse matgde a polarized nucleon, it is
necessary to have gauge invariant definitioné-efependent parton distributions and/or frag-
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mentation functions [122, 123, 124, 125]. To extract thedependent distributions, such as
the Sivers and Collins functions, from physical observakdefactorization formalism in terms
of these universal distributions is required. Since theeSiand Collins functions are sensitive
to the transverse motion of partons at relatively low pattansverse momentuiy-, which is
nonperturbative, another large physical sc@les> kr, is needed to ensure the-dependent fac-
torization [126]. For example, a Drell-Yan pair of invarianass() at low transverse momentum
qr ~ kr is a good probe of,-dependent quark and antiquark distributions becauseatge®
ensures the factorization [126]. Sivers functions coust &le measured in terms of asymmetric
di-jet correlations at RHIC [127].

The kr-factorization formalism was used to calculate the SSA idrbaic inclusive-pion
production, Ay, in terms of contributions of Sivers functions [128] andébrcombination of
transversity and Collins functions [129]. Although theregently exists no formal proof for
kr-factorization for inclusive pion production in hadroniglicsions, the calculated y, with x
dependence mainly determined by the extracted Sivers m@ditins functions from fitting low
energy data, are consistent with new RHIC datg/at= 200 GeV [60]. When the pion is
much larger than the typical; of the parton transverse motion in a nuclepp,>> (kr), the
kr factorization formalism used in these calculations is nqieeted to be valid. On the other
hand, the proven collinear factorization formalism at tv@dor hadronicAy should be a good
approximation then [57, 113]. Measurements of the SSA itraissition from the low region
whereAy o« pr/{kr) ~ kr/{kr), sensitive to the parton transverse motign to the highpr
region whereAy o (kr)/pr, probing theaveragedtransverse momentum aweragedcolor
Lorentz force [57], would provide unique insights into remh structure.

With the ability to measure correlations of two hadrons @s) at RHIC, it is possible to
separate the Sivers effect, parton transverse motion tialistate hadron wave functions, from
the Collins-Heppelmann effect, a parton spin effect in ftake hadronization. Sivers functions,
Collins functions, transversity distribution and quarkigh correlations all provide information
on nucleon’s spin structure that cannot be reached by measuts of longitudinal spin asym-
metries.

There have been several measurements of transverse ginglasymmetries for pion pro-
duction in collisions of polarized protons. The E704 cotleddion observed [29, 109] that the
analyzing power 4 y) for pions produced in polarized proton collisions,&=20 GeV at large
Feynmanzr had magnitudes up te& 30% that increased with increasing.. Ay was found
to be positive forr* production, negative for~ production and positive fox° production, al-
though smaller in magnitude than for production. Similar trends for the- dependence of
for pion production are also observed for pion productioileater /s [130]. More recently, new
polarized p+p experiments [30, 110] as well as semi-inekusieep-inelastic lepton scattering
(SIDIS) experiments [54, 111] have reported measuremdrttaimsverse single-spin asymme-
tries (SSA) which are significantly different from zero. Téecitement from these results has
motivated a number of experiments to further explore thexpeetedly large signals. For ex-
ample, the HERMES collaboration has devoted several yeatataftaking to measuring SIDIS
with a transversely polarized target [55]. At RHIZy for pion production has been measured
at./s = 200 GeV over a large rapidity range [60, 131] as shown in Figs.rg¥28. At forward
rapidity, a large value ofi; was found for positiver » at collision energies a factor of 10 larger
than in earlier experiments. The STAR experiment has marentéy reported preliminan y
results atrr < 0 which are consistent with zero within the experimental aacy [131]. Ac-
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Figure 27:The Ay for 7° meson produced in the interval3 < n < 4.1 with polarized proton
collisions at,/s=200 GeV from STAR [60]. The solid points are for identifiedmesons. The
open points are measurements of the total electromagnetgg shifted by 0.01 in. The

curves are predictions from pQCD models evaluateg;atl.5 GeV/c.

cording to a recent study [119], the large negativeegion is dominated by gluon Sivers effects.
While the preliminary STAR data may already exclude a satdrgtuon Sivers function, more
data are required to establish its size.

There has been tremendous theoretical progress towar@sstaoding of transverse spin
effects within QCD, as reviewed at the most recent Internati®ymposium on Spin Physics
[133]. In part, the significant theoretical progress hasitstienulated by new experimental results
for transverse SSA results from SIDIS experiments and frolarzed proton collisions at RHIC.
There is promise that this progress can be sustained sinasw&now that the unpolarized yield
for largez 7° production in p+p collisions a/s = 200 GeV is well described with fixed order
pQCD calculations, unlike at lowey's [69].

Higher precision measurements 4f; over a wide range of » andpr at /s > 200 GeV
will provide the opportunity to understand the physics bdhihese large spin effects. With a
data sample 3 pt and P = 0.5, the statistical precision for the negative analyzing power
for 7% production [131] will be improved by a factor of 5. Measuritige p dependence of
Ay can also be accomplished with such a data sample and willggav crucial test of these
pQCD based models, as they all predict to decrease agr increases. Figure 29 shows the
statistical error projection fad 5 as function ofpr at fixedz = 0.5 for 7° production at STAR.
Obtaining precise data for very large- is interesting in order to test the expectation4f to
decrease [135], rather than continuing to increase witteasing: -, due to the upper bound (28)
on transversity. It is also expected that comparable pgoetisill be achieved for similar sized
data samples for* production at,/s=200 GeV by the BRAHMS collaboration.

To disentangle the different mechanisms behifyg, it is required to go beyond inclusive
measurements and measure either two final state particjessoihere is a class of observables
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Figure 28:Left: preliminary results ofi y for 7%+ produced at mid-rapidity-0.35 < 1 < 0.35)
with polarized proton collisions a/s=200 GeV as a function gf; from PHENIX [132]. Right:
preliminary results of the asymmetf}..,, - Ay for 7™ meson production in the interval3® <
0 < 3.5° as function ofr from BRAHMS.

for which the kr-dependent distributions or fragmentation functions ap leading-power,
and are directly sensitive to a small measured transverseemioim [108, 118, 127]. A goal of
the transverse spin program at RHIC is to disentangle thenpakeontributions toAy by di-
rectly measuring the intrinsicr of partons in nucleon or transverse momentum in fragmemtati
process.

Back-to-back di-jet production ip'p collisions can be used to measure the Sivers func-
tion [127]. The deviation of the azimuthal angle differefee= ¢;.;1 — ¢je2 + 7 from zero
directly measures the, of the partons. When the jet production plane is close to tie @lp
the nucleon, thé; imbalance of the parton will affect they distribution and will give a spin
asymmetryAy (6¢) = (o1(6¢) — ot (5¢)) /(a1 (5¢) + ot (5¢)). At mid rapidity, this asymmetry
may reach a few percent or more and could provide access giube Sivers function, as shown
in Fig. 30. The error bars are estimated statistical uniceiea for di-jet measurement at STAR
with two luminosity and polarization assumptions basedxstieg data [136] and an expected
increase in the acceptance, but possible improvementsdfitjger to enrich di-jet events are
not taken into account.

Measurements at RHIC are planned to study the Collins FF anbhtiderence FF for two
particles within a jet with unpolarized and transverseliapaed pp collisions. In case of single
hadron fragmentation the Collins asymmetty, will be observed as azimuthal modulation of
single hadron distributions around the jet-axis and witpeet to the transverse proton spin:
S - (Pjet % kr), whereky is the transverse hadron momentum with respect to the jet adi
the present time the STAR detector is capable of reconstguthe jet-axis required for this
measurement. In PHENIX single hadron Collins measuremeititoe@come feasible only after

the addition of a large acceptance inner silicon vertex-teamking-detector.

For di-hadron fragmentation the Collins asymmetrywill manifest itself in the modulation
of the angular distribution of the di-hadron plane with mdpto the transverse proton spin;
S-(Pn, X Pp,). Figure 31 contains projections fdr- observed in the production of charged pion
pairs with the PHENIX experiment. The projections are bame@ model for the interference
fragmentation function by Tang and Jaffe [120]. For the sations leading to the projected
asymmetries in Fig. 31 it was assumed that transversityilalisions saturate the Soffer limit. On
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Figure 29: Statistical error projection fordy at /s = 200 GeV as function op; at fixedzr
for 7° production at STAR for anticipated luminosity and polati@a for the 2005 run. The red
curve is a theory prediction based on the Sivers effect fitidel’04 data and extrapolated, and
the green curve is the maximizeld, based on the Collins effect with saturated transversity and
Collins functions [119, 134].

the experimental side it was required that one or more piotisa event have momentum above
the Cherenkov threshold and can be triggered as a coincitietween RICH and a low threshold
cluster in the electromagnetic calorimeter. Projecti@nsif; are shown for the invariant mass of
the pion pair in the interval betwe®00 < m,, ., < 950 MeV. Tang and Jaffe predict a specific
dependence of the analyzing power of the interference feagation function on the invariant
mass of the two pion system. Specifically, it is predicted tha interference fragmentation
function changes sign at themass and is positive below and negative abovestheass. The
statistical errors in the projections are based on an assintegrated luminosity 030 pb~! and

a polarization 060%. It is demonstrated that the sign change in the invariarsisrdapendence
of the interference fragmentation function can be studiéd good statistical resolution. This
will provide an excellent tool to control systematic unegrties in the measurement.

By increasing the coverage of electromagnetic calorimetiiheé forward direction in STAR,
spin-dependent particle correlation studies are enabléka rapidity range where large trans-
verse single spin effects have already been observed. \Abhmetry that span3.5 < n < 4.0,
coincidentr? — 7% pairs can be observed at large rapidity. Near-side comekt(A¢| =
|6=1 — ¢=2 + 7| = 0) can be used to identify di-hadron fragments from a jet pcedwat large
rapidity. In general, di-hadron fragmentation functiome aot well constrained. Nonetheless,
their rate can be estimated by the Lund string model, as img@ieed in PYTHIA 6.222 [94].
There are two interesting scenarios to consider, eachvimgobzimuthally correlated® — 7°
pairs indicative of di-hadron fragmentation of a forwart je

In the Sivers picturel y should be associated with the forward jet. We should thezefrpect
that the larged y observed for a single® with z; > 0.4 produced af), ~ 3.8 would also be
present for forward jets that fragment into forwartl— 7° pairs havingrr; + x> > 0.4. From
PYTHIA, we expect~ 1.5 x 10* 7° — 70 events withey; > 0.25 andzz, > 0.15 in the near-
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Figure 30: Predictions [127] for the spin asymmetryy for back-to-back di-jet production at
Vs = 200 GeV, for various different models for the gluon Sivers fiomctThe solid line marked
as “(iii)+Sud” shows the impact of leading logarithmic Sudeakeffects on the asymmetry for
model (iii). The error bars are estimated statistical urtegnties for di-jet measurement at STAR
with 4 pb!, beam polarization of 50% (black) which is anticipated in 200n, and with 30
pb~t, 70% (red).

side jet-like peak iM\¢ for 1 pb~! of integrated luminosity for p+p collisions gfs=200 GeV.
PYTHIA predicts the near-sidA¢ peak sits atop a uniform background. The signal to back-
ground ratio is approximatelly: 1. With corrections for background, an accuracy dfy ~0.01
could be achieved with 3 pt of integrated luminosity and 70% beam polarization.

The Collins mechanism attribute$y to the correlationSy - (P, x P;,) involving the
momenta of two hadronic fragments of a jet and the protonwggtor. The transverse momentum
associated with jet fragmentation that produces’ avith z;, > 0.4 and3 < 1, < 4 can be
determined by detecting a second forwaftdwith z, > 0.15 and by requiring ther® — 7°
pair have|n; — 1| < 0.5. Again, PYTHIA predicts theA¢ correlation has a jet-like near-side
correlation peak sitting atop a uniform background. Fos¢hkinematics, we expeétx 103
79 — 7% pairs in the near-side correlation peak for 1-plf integrated luminosity. If a non-
zero Collins-Heppelmann effect is observed, then largegnated luminosity samples would be
required to map out the dependence of the transversity structure function.

In addition, Collins and Interference FF’s are being meabate™ + ¢~ colliders [137] such
as Belle, where analysis is currently ongoing [138]. Oncedlie-'s are available, measurements
at RHIC can be used to access the transversity distributinctifun. For a given partonic sub-
process, egzg — qg the observed asymmetries are proportionalto~ dq(x)-G(z3)- Hi-(2).
Experimental asymmetries contain contributions from msuly-processes, including processes
without Collins-type analyzing power for transverse spiteExtraction of transversity distri-
butions from the observed single spin asymmetregswill be obtained from a QCD-analysis
using the experimental information available for partostrabution functions and fragmentation
functions.

As stated earlier, transversity asymmetries require twoakbdd functions, and both can
be transversity. Transverse double-spin asymmettigsfor jet or highp, particle production
will be sensitive to the product of two transversity funago The advantage of this method
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Invariant Mass Resolution Asymmetry vs Stat. Errors
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Figure 31:A statistical error projection for the Collins asymmetry;: in di-hadron interference
fragmentation at PHENIX. The Soffer bound is assumed to heatatl. The interference frag-
mentation functions were taken from the model in referen28][1The simulation assumes an
integrated luminosity of 30 pB and a beam polarization a? = 0.5

is that it does not require any knowledge of polarized fragtaigon functions. On the other
hand, as we discussed earlier, this asymmetry is highlyresppd because there is no gluon
transversity and also because double chirality-flip pre@e color suppressed. It is important
that A7r measurements are done in a kinematical region where gluatnilmations are small.
Such measurements require the full luminosity and poladraf RHIC. There are other ideas
to access transversity via the production af I139] and D mesons [140]. Perhaps the cleanest
way to measure transversity is through the Drell-Yan pred&d3], but this likely requires a
RHIC luminosity upgrade to have sufficient sensitivity.

Table 2:Physics cases with transverse spin and its luminosity anaraltion requirements

Channel Luminosity [pb!] Polarization
Inclusive Ay 0.4 0.2
Mapping Ay in zr andpr space 3 0.5
Sivers from di-jet 10 0.5
Transversity from di-hadron correlations within a jet 30 50.
Aqpr of jet or highp particle 100 0.7
DY 1000 0.7

Table 2 is a summary of physics channels with transverseasmrnts luminosity and polar-
ization requirement. The first polarized proton collisian&HIC have already produced exciting
transverse spin asymmetry results. As the luminosity anarigation increase, more channels
will become accessible. It is reasonable to expect that uneagents of both the Sivers function
and transversity can be achieved with20 pb! of integrated luminosity with polarization of
0.7. To achieve this goal, and minimize the impact on theitadgal spin physics cases, we
expect to us0 — 30% of beam time for transverse spin physics. It is importantdterthat
PHENIX and STAR have separate spin rotators; the two exmarisncan choose longitudinal
and transverse spin independently. In general, most oféms\verse spin physics is better done
at/s=200 GeV rather thag/s=500 GeV.
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Figure 32:Maximally possibled+ for single-inclusive jet production af's = 200 and500 GeV
as a function opr. Jet rapidities are integrated overl < n < 2. The shaded bands represent
the theoretical uncertainty i, estimated by varying scale by factor 2. Also indicated asrerr
bars is the expected statistical accuracy with design lusitg@f the RHIC [144].

2.9 What else is going on around the world?

The fundamental nature of the nucleon spin puzzle and theihigrest in understanding its spin
structure as has lead to experimental programs around thd,wm study this problem. In addi-
tion to RHIC spin at BNL , they are the COMPASS experiment at CERNend&va Switzerland,
the HERMES experiment at DESY and the Jefferson Laborat@gistinuous Electron Beam
Accelerator Facility (CEBAF) in Newport News, VI in the US. imis section we emphasize the
essential features of their physics program.

2.9.1 COMPASS experiment at CERN

The COMPASS (Common Muon and Proton Apparatus for StructuleSpectroscopy) collab-
oration at CERN has built a dual purpose experiment, aiminguitlyshadron spectroscopy and
hadron structure. The main spin objectives are to measielpolarization of gluons within
polarized nucleons, 2) light quark helicity distributidmgflavor, 3) lambda and anti-lambda po-
larization, 4) transverse spin distributions. Leptoprtehn of open charm and of hadron pairs
with large transverse momenta are considered to be the musiging options to measurky/g.

The experiment is located in the CERN-SPS M2 beamline of ladgitlly polarized 160
GeV muons, which was used also by the former EMC and SMC exgaits. The kinematic
coverage is thus similar. A solid polarized target filledhiLiD provides both longitudinal and
transverse target polarizations. A newly designed larggeaspectrometer is used to reconstruct
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the scattered muons and the produced hadrons in wide mometd angular ranges. Muon,
pion, kaon, and proton identification are among its disiwedieatures.

The first data, collected in 2002 and 2003 using predomipdatigitudinal configurations
of the beam and target spins, correspond to integrated asities of about 600 and 900 inverse
picobarn, respectively. A much smaller sample with transvéarget polarizations has been col-
lected. The recently released results on the inclusivetstre functiong{ are in agreement with
those from previous experiments and provide a factor twadwgment in statistical uncertainty
in the regior).004 < x < 0.03 [145]. Similar improvements in the semi-inclusive measeats
of quark helicities by flavor may be anticipated.

While the improved measurements of the inclusive structunetfon may lead to some re-
finement in the indirect extraction of gluon polarizatioa MLO pQCD analysis, the main COM-
PASS objective is of course in the direct determinatiof\gf ¢ via the production of open charm
and of highpr hadron pairs. A first preliminary result ahg/g from highp; hadron pairs [146]
has a precision similar to those from the preceding HERMESSM@ analyses. The first open
charm measurements are statistics limited.

The COMPASS detector will not take data in 2005 but the spigi@im is expected to resume
in 2006, sharing its beam time with the spectroscopy progiidm spectrometer acceptance will
benefit greatly from an upgrade to the target magnet plarmbd installed in 2005.

2.9.2 HERMES experiment at DESY

The HERMES experiment at DESY studies the spin structuresafititleon by scattering the lep-
ton beam in HERA off pure internal targets that can be poldriaagitudinally and transversely.
The large acceptance of the detector allows for inclusivesami-inclusive measurements and,
like the COMPASS spectrometer, has particle identificatibhe longitudinal program has de-
livered measurements of: 1) the inclusive structure fumc$i, of the proton and neutron with
similar precision and kinematic coverage as preceding uneagents at SLAC, 2) detailed semi-
inclusive measurements which allow the extraction of qumalicity distributions functions with
different model assumptions than preceding work [90], anith@ first analysis of spin effects in
leptoproduction of highyr hadron pairs, a process which is sensitivé\ip

The present focus is on transverse and nuclear spin effdERMES has made the first mea-
surement of the single-spin asymmetries for semi-inckugiectroproduction of charged pions
in deep-inelastic scattering of positrons with a transsgrpolarized hydrogen target [90]. The
asymmetry depends on the azimuthal angles of the pion artdripet spin axis about the virtual
photon direction and relative to the positron scatteriranpl Transverse quark polarization in
the target nucleon and a correlation between the intrimasterse quark momentum and the
transverse target polarization give rise to signal of thiture, and can be distinguished in exper-
iment with this technique. The latter might provide an irdiion for non-zero orbital momentum
of quarks in the polarized nucleon. The HERMES program issieea to continue to the summer
of 2007.
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2.9.3 Nucleon Spin related experiments at Jefferson Laboraty

Unlike the above two experimental detectors, the CEBAF acatdr at Jefferson laboratory is
a superconducting radio frequency electron acceleratilityathat was commissioned during
early 1990s. The accelerator uses state of the art photmatun that is capable of delivering
beams of high polarization and high current200 1A) to two of its three experimental halls
while maintaining high polarizations but low current few nA) beam to the third. Polarizations
of the order o85% are routinely achieved, and maximum beam energies are 3/5TGe main
machine consists of a "racetrack” layout of circulating tbeline with two linear accelerators
joined by two 180 arcs. The accelerator design also allows experiments wimsstrahlung
photons off of the continuous electron beams in experinhertzas with fluxes ranging from
107 8/sec.

The relatively low beam energies (compared to COMPASS, HERBIiSN general RHIC)
available at CEBAF and the fixed target experimental halls Aafg] C [147] makes the facil-
ity ideally suited to study the nucleon structure (inclgdspin) in the transition region from
non-perturbative to perturbative QCD. This is also the negibere higher twist effects play an
important role and hence can be studied at JLab. The highgityeelectron beams coupled with
solid or gaseous targets allows exclusive measurememis tns high acceptance detectors in the
halls [147]. With these characteristics of the experimetwaditions, Jlab experiments explore
regions ofQ? — 0 with high statistical accuracies. To date some of the mostirate tests of
the GDH sum rule [148], high precision high x spin structunedtions of the nucleon, azimuthal
single spin asymmetries relating to transverse dynami¢lseopartonic spin structure and mea-
surements of a class of reactions such as DVCS (Deeply-Vi@tampton Scattering) which are
proposed to lead us to the measurement of the total angularemtam of the quarks [39], are
results of experiments performed at Jefferson Lab [1495 tlhe proposed measurement of the
orbital angular moment of the partons inside the nuclearssealof transversity related structure
functions, and their role in understanding the overall sgmcture of the nucleon makes Jlab
measurements complementary to thoségfand transversity with RHIC Spin.

2.10 Elastic Scattering of polarized high energy protons

The previous sections discuss the physics of hard scatatifRHIC with polarized protons,
which can be understood as collisions of polarized quarkisghmons. The scattering is so en-
ergetic that we can use perturbative QCD to describe theaictiens of the quarks and gluons,
and, thus, probe the spin structure of the proton at verylsiisthnces. For example, scattering
at @=(80 GeVY} probes wave lengths of 0.003 fermi. Small-angle scattefiogn total cross
section tot = —1 (GeV/c)?, probes the static proton properties and constituent gstankture
of the proton, covering distances from 4 fermit[= 0.003 (GeV/c)? in the Coulomb nuclear
interference (CNI) region] to a distance 0.2 fermi. Unpolarized scattering shows striking
behavior in this region, from the surprise that total cresgisns rise at high energy, to observed
dips in elastic cross sections around = 1 (GeV/c)?. Both polarimetry at RHIC and ther2pp
experiment explore this region for spin-dependent crosses, for,/s=7-500 GeV, for the first
time.

In the very forward region, the nuclear and electromagreatiplitudes are of comparable
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magnitude, and the interference between them results inadl st significant maximum in
the single transverse spin asymmetry making elastic scattering in the CNI region useful for
polarimetry [150]. Important results have already beeraioled in the RHIC spin program in
this region. There have been measurements made near RHt@ianjenergy (24 GeV/c) using
a carbon micro-ribbon target both at the AGS (E950) and in RitH&€e have been measurements
made with a 100 GeV/c beam on a carbon target and independerdlgas jet target. In addition,
a measurement in the colliding beam mode has been carridgm2jip).

CNI scattering produces an asymmetry from the scattering ah@olarized particle, a proton
in one RHIC beam or a carbon nucleus in a fixed target, from tbenatous magnetic moment
of a polarized proton, with a maximum ofy = 0.04 at —¢ = 0.003 (GeV/k)>. However, a
hadronic spin-flip term can also contribute to the maximumg this term is sensitive to the
static constituent quark structure of the proton. The agtld Reference [151] remark that the
helicity flip probes the shortest interquark distance ingh@on, and that the helicity nonflip is
sensitive to the largest quark separation in the proton dwlor screening. The helicity-flip
term, if present, can indicate an isoscalar anomalous ntiagmement of the nucleons [152],
an anomalous color-magnetic moment causing helicity nosewation at the constituent quark-
gluon vertex [153], and/or a compact quark pair in the pr¢id, 155].

The results from scattering 100 GeV/c polarized protonsarban [156] are shown on the
left side of Fig. 33. An asymmetry reaching 0.02 is observeth a t-dependence quite different
from pure electro-magnetic spin flip (the top curve in the figu The curves use a standard
CNI form [157], with the lower curve including hadronic spiipfl Results from scattering 100
GeV/c protons on a highly polarized hydrogen jet target [1&@ shown on the right side of
Fig. 33. In this figure, the solid line is the prediction withlyp electromagnetic spin flip. For pp
scattering at this energy/(s=14 GeV), no hadronic spin flip is observed. Further, theipriabry
measurement from the pp2pp experiment with colliding beatrBHIC is also shown on the
right side of the figure. Fox/s=200 GeV, the asymmetry is somewhat larger than the CNI
curve without hadronic spin flip, but, including present amainty on the beam polarization (the
measurement was made in 2003 before the jet provided mocesergolarization results), the
result is consistent also with no hadronic spin flip for pptisrang.

Small-angle scattering at high energy is presently undedsin a Regge picture as being
dominated by Pomeron exchange [161]. The Pomeron, whicthBasacuum quantum numbers
with charge-conjugation’ = +1, can be interpreted as a two-gluon exchange. These regults f
Ay for carbon and proton targets imply that the isospin 0 Reggéwshich include the Pomeron)
have a significant spin flip coupling for the carbon targete Th= 1 Regge poles for the proton
target scattering must be sufficiently strong to nearly et/ = 0 contribution at this energy.
The couplings required have been determined and indicatatlymptotically the Pomeron will
contribute about 0% spin-flip; i.e. the cancellation leading to no spin-flipjip at 100 GeV/c
will go away as the energy increases [162].

Many other measurements can be made at RHIC, for elasticisegtéand also for diffractive
scattering with rapidity gap measurements. The two-spinsiverse asymmetry in the CNI re-
gion, for example, is sensitive to a C-parity odd exchandgermed to as the Odderon [163]. For
larger t, a steep exponential fall with momentum transflaracteristic of pomeron exchange
matches on to an approximate® dependence at largert in the unpolarized cross sections. The
latter has a natural interpretation in terms of three veeimhanges between pairs of valence
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Figure 33: Ay (t) for pC' elastic scattering at 100 GeV, left side [156]. The shadeadoepre-
sents the systematic uncertainties of the measurementsdlideline in the band is a fit to the
data including a significant hadronic spin-flip contributigsee text). The result is significantly
different from the no hadronic spin-flip prediction (top ea). The right side shows preliminary
measurements (solid points) of proton-proton elasticteceig with 100 GeV protons incident on
a highly polarized atomic hydrogen jet target [158]. The npguares are data from E704 at Fer-
milab [159]. In this case, the curve with no hadronic spin flgsdribes the data well. The closed
box is the preliminary result from the colliding beam expgnt pp2pp,/s=200 GeV [160]. A
20% systematic uncertainty for the beam polarization isshaiwn. The dashed curve is the pure
CNI prediction for this energy.

guarks. Whether these individual scatterings should begtfitoaf as single gluons, or as (at least
in part) perturbative exchanges in color-singlet configars remains to be seen. This profile
is fairly stable with energy, even as the details of its shapnge. The observation of a stable
profile in polarized elastic scattering at RHIC would sureliate a new class of theoretical in-
vestigations. Lastly, the dramatic spin dependence obprptoton elastic scattering at moderate
—t observed in the Argonne and BNL experiments of twenty yeapsramnains an outstanding
puzzle [164]. This could also be explored at RHIC.

2.11 Search for Physics beyond the Standard Model

Single beam helicity asymmetries violate parity and giveeas to searches for potential physics
beyond the Standard Model (SM), for example for quark subsire, new neutral gauge bosons
present in some supersymmetric models, and supersymmpeiticle production. In general,
parity violation searches can compete with the sensitioftynuch higher energy unpolarized
colliders, and a parity violation signal beyond known eleateak effects would be a decisive
signal for new physics. Furthermore, if a new interactiodiscovered for example at the LHC,
and lower-lying masses are accessible at RHIC, RHIC will be @béxplore the chiral structure
of the new interaction. We discuss the potential new padiend mass ranges where RHIC
can contribute in this section. For sensitivities we gelhe@nsider the target luminosity for
v/s=500 GeV of~1 fb~! and a large acceptance detector, for example STAR with bigimlosity
capability. However, a suggested new detector [165] anddar of magnitude higher luminosity
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from a RHIC Il can also be considered. Fig. 34 shows the singéarbhelicity asymmetry
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Figure 34: A;, for one-jet inclusive production ipp collisions versus transverse energy, for
v/s = 500 GeV. The solid curve with error bars represents the SMaapens. The error bars
show the sensitivity at RHIC for 800 ph for the STAR detector. The other solid curves, labeled
by the product otn, correspond to the contact interaction At = 2 TeV [166]. The dashed
and dotted curves correspond to different leptophdBimodels. The calculations are at leading
order.

for single jet production versus the transverse energy @fgh for the SM and its extensions.
The SM predicts a parity violating asymmetry, arouid = My, /2 for W — 2 jet production,
and from QCD-electroweak interference. Indeed, the dathenpeak provides a calibration
for the SM effects. The figure uses the top RHIC energy, ouetdrgninosity for this energy,
and the acceptance of the STAR detector [166]. The sengswhown do not include detector
efficiency. Two extensions of the SM are considered: quarkpmsiteness, and new neutral
gauge bosons that appear in several string-derived motiel§ [non-supersymmetric models
may be also constructed [168]).

The quark compositeness curves in the figure use a compessacale\=2 TeV and max-
imal parity violationn = +1. Composite models of quarks and leptons [169] generallyateol
parity, since the scale of compositenéss> My,. The present limit from unpolarized colli-
sions, at the Tevatron, is [170] = 1.6 TeV. Due to the direct sensitivity to parity violation,
RHIC can compete with the much higher energy Tevatron. Fyrthan anomalous parity vi-
olation signal is observed, it would be a definitive obseorabf new physics. The limits of
sensitivity for A in the contact model of quark compositeness [166] are tadmliim Table 3 for
RHIC, the Tevatron and the LHC, with ~ 1 fb~! integrated luminosity the RHIC spin target
for \/s=500 GeV, and. ~ 10 fb~! a potential target for RHIC II.

53



Collider Vs (TeV) | L (fb~h) | A (TeV)
RHIC p'p 0.5 1 3.3
0.5 10 55
Tevatron limit 1.8 0.5 1.6
Tevatronpp 2.0 30 5
LHC pp 12 100 30

Table 3:Limits on quark compositeness)(at 95% CL for different colliders. RHIC uses P=0.7,
STAR detector acceptance, single jet production, pardiation signal with maximal parity vio-
lation for compositeness. The Tevatron and LHC use the tieniitom the SM for the inclusive-
jet cross section versyg. 10 % systematic errors in asymmetry are assumed [166].

Also shown in Fig. 34 aré/’ curves. In the framework of supersymmetric models with an
additional AbelianU (1) gauge, it has been shown [171] that theboson could appear with
a relatively low massX/; < M, < 1 TeV) and a mixing angle with the standa¥dclose to
zero. The effects of different representative models ase shown in Fig. 34 (see Ref. [172]
for details). RHIC covers some regions of parameters spadkeodlifferent models that are
unconstrained by present and forthcoming experiments R would also uniquely obtain
information on the chiral structure of the new interaction.

There are also a number of other examples. Using a RHIC luntyrafd fb~! at,/s=500 GeV,
parity violating asymmetry in the production of supersynmesparticles (multijets plus large
missingEr; trileptons, etc.) of mass up to 75 GeV would be observald8][1Another example
is to search for a transverse asymmetry for W or Z boson ptamyovhere the SM prediction
is very small [92, 175, 176])IV* and Z° production inp'p collisions at RHIC is expected to
have good sensitivity t&s,,—L,..ns1 INterference at the parton level due to strong correlation
between the proton spin and the polarization of highalence quarks, that participate in the
gauge boson production [174]. This asymmetry could ariemfanomalous electroweak dipole
moments of quarks [176, 177, 178]. The RHIC sensitivity capriome present experimental
limits [179] by a factor~5-10 [178]. These limits do not approach the SM expectatiand a
signal would be direct indication of new physics.

2.12 Connection to eRHIC

The addition of a high energy, high polarization lepton ¢&len/positron) beam facility to the
existing RHIC Complex, able to collide with its hadron beam,uldodramatically increase
RHIC’s capability to do precision QCD physics. Such a facilitghal0 GeV/c polarized elec-
trons/positrons has been proposed and is called eRHIC. Treengamy connections between the
RHIC spin program and eRHIC. We categorize them in two groups:

e Direct connections to RHIC Spitin these, the physics observables measured by the exist-
ing RHIC spin physics program will be measured in complemgrkaematic regions, or
in some cases augmented to complete the understandinglebnigpin.
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¢ Indirect Connections to RHIC Spiffhese include measurements not possible with RHIC
Spin, but of significance to understanding QCD with spin inegahor nucleon spin in
particular.

2.12.1 Direct Connections

Direct connections between RHIC Spin and eRHIC are made oe tmiacipal topics : the
measurement of the polarized gluon distribution, the megsent of polarized quark-anti-quark
distributions, and on transverse physics measurements.

For polarized gluon distribution measurements, eRHIC esash increase in the kinematic
range and precision, particularly at low At eRHIC the polarized gluon distribution will be
measured using a) the scaling violations of spin structlunetfonng/” and b) di-jet and high
di-hadron production in the photon gluon fusion proces®[18he RHIC spin measurements
discussed earlier in this document will be most significanhe medium-high rangez > 1072,
while eRHIC will complement them with precision on law(z < 10-2) all the way tar ~ 10~%.

RHIC Spin will be the first to measure in a model independent tiypolarized quark
and anti-quark distributions using single spin longitadiasymmetry measurementsyin scat-
tering at./s=500 GeV¢t via (W) production. Analysis of these asymmetries will give us
Au, A, Ad, Ad (see Sec. 2.7). The quark-anti-quark separation in suchyasnaot possible
in fixed target DIS where the virtugl is the propagator of the force which cannot differentiate
between quarks and anti-quarks. However, at high enouglygrie DIS at eRHIC, virtualV/*+
also get exchanged. ¢ = u, %, d, d are known by early next decade from RHIC Spin, eRHIC
will be able to continue this program by exploring the heaugaris, i.e. identify the spin con-
tributions fromAc/é andAs/s. Of course, traditional methods to get quark flavor distidns
(quark-antiquark unseparated) using semi-inclusive DEasarements of charged and neutral
pions and kaons will also continue, with access to flavor isgjmen at lowerz than is possible in
current fixed target DIS experiments.

Transversity is the last as yet unmeasured spin structmeifun, discussed in detail in 2.8.
The measurements at RHIC witjp scattering will be made using measurements of Collins Frag-
mentation Function (CFF), Interference Fragmentation fongs (IFF) and if very large lumi-
nosities are achieved, also with Drell Yan (DY) processeg Sec. 2.8). These measurements
will be made in the center of mass energy range from 200 to 5@ Bhe eRHIC will make a
complementary set of measurements, with high precisialguSFF and IFF measurements, not
unlike those made by the HERMES collaboration currently.

2.12.2 Indirect Spin Connections

In addition to the measurements eRHIC will do that will extendomplement the investigation
of nucleon spin with RHIC Spin, there is another class of mutkepin and other helicity related
measurements that could also be made with eRHIC. A partiahtiides:

e Measurement of spin structure functiopsof the proton and neutron and the difference
between them that tests the Bjorken spin sum rule. eRHIC wilihito with accuracies
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that will for the first time start competing and challengirng texperimental systematic
uncertainties at the level of 1- 2%. Lowphenomena have been some of the most exciting
aspects of the physics coming from unpolarized DIS measemésnin the last decade, and
eRHIC will probe lowz kinematics for the first time with polarized beams

e eRHIC will be the only possible facility in the foreseeableufe at which QCD spin struc-
ture of the quasi-real photon could be explored. The promegdoyed for this investigation
is that of photon-gluon fusion [181].

e Deeply virtual Compton scattering (DVCS) for final state pimstas well as other vector
mesons measured using almost complete acceptampddtectors has been suggested as a
preliminary requirement towards the measurement of thee@adimed Parton Distributions
(GPDs). A series of different GPD measurements may be redjewventually to extract the
orbital angular momentum of the partons. This is the last plathe nucleon spin puzzle
which we may have to address after the spin of the gluon ismstwted. Although the
theoretical formulation is not yet ready, it is expected thethe time eRHIC comes on line,
there will be a formalism available to take the measured G&fiesdetermine the orbital
angular momentum of partons. These measurements at eRHIBandbmplementary, at
much higher energy scales, to those being planned at Jaffeeboratory after its 12 GeV
upgrade plan.

e Drell Hearn Gerasimov spin rule [148] measurements prgsenterway at Jefferson lab-
oratory [149] and at the Mainz Microtron (MAMI) are mostly laiv values ofr [182].
While the significance of the contribution the spin sum rutarfrhighv is small, abso-
lutely no measurements exist beyond the value of~ 1 GeV. eRHIC will extend direct
measurements of the highcomponent up to 500 GeV.

e Precision measurements of spin structure functions in kigty z ~ 0.9 region could be
part of the eRHIC physics program with specially designedatets as has been discussed
in [183].

The physics programs with polarized proton beams at RHIC &4l€ have much in the
way of complementarity of physics measurements. It's alsardhat success at eRHIC passes
through a period of successful measurements and collidetafanment by the RHIC spin program
not only at,/s=200 GeV¢ but also at,/s=500 GeVt.
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3 Accelerator performance

As of 2004, polarized proton beams have been acceleratm@dsand collided in RHIC at a
center of mass energy of 200 GeV. The average store lumynesithedt x 103*°cm~2s!, and
the average store polarization 45% (see Table 4). Over tkiedngears we aim to reach the
Enhanced Luminosity goal for polarized protons, consjstihan average store luminosity of

e 60x10*°cm~2s~! for 100 GeV proton energy, and
e 150x10*°cm—2s~! for 250 GeV proton energy,

both with anaverage store polarization of 70% Table 4 gives a projection of the luminosity
and polarization evolution through FY2008. Luminosity rhers are given for 200 GeV center
of mass energy and one of two interaction points. For operatith more than two experiments,
the luminosity per interaction point is reduced due to ameased beam-beam interaction. For
each year the maximum achievable luminosity and poladrat projected. Projections over
several years are not very reliable and should only be segnidance for the average annual
machine improvements needed to reach the goal. We assutritigeeks of physics running
are scheduled every year to allow for commissioning of thgrawvements and development of
the machine performance.

Table 4: Maximum projected RHIC polarized proton luminosities tigh FY2008. Delivered
luminosity numbers are given for 200 GeV center of mass gremg one of two interaction
points. 10 weeks of physics operation per year are assumeel.dé@signation 2002A refers to
achieved, and 2005E refers to expected.

Fiscal year 2002A 2003A 2004A 2005E 2006E 2007E 2008E
No of bunches 55 55 56 79 79 100 112
Protons/bunch, initial 101! 0.7 0.7 0.7 1.0 1.4 2.0 2.0
G* m 3 1 1 1 1 1 1
Peak luminosity 1030cm—2s! 2 6 6 16 31 80 89
Average luminosity  10*°cm2s™! 1.5 3 4 9 21 53 60
Time in store % 30 41 41 50 53 56 60
Max luminosity/week pb! 0.2 0.6 0.9 2.8 6.6 18.0 21.6
Max integrated luminosity — pb! 0.5 1.6 3 20 46 126 151
Average store polarization % 15 30 45 49 65 70 70
Max LP*/week no! 0.1 5 37 160 1180 4330 5190

In Fig. 35 the integrated luminosity delivered to one expent is shown through FY2012 for
two scenarios: 10 weeks of physics operation per year, anege®Bs of physics operation every
other year. For every projected year shown in Fig. 35 the Wydakninosity starts at 25% of the
final value, and increases linearly in time to the final valud iweeks. During the remaining
weeks the weekly luminosity is assumed to be constant. FEomidgximum projection the values
in Table 4 are used as final values until FY2008. For laters/taa FY2008 values are assumed
with no further improvement. The minimum projection is oh&d of the maximum projection,
based on past experience in projecting heavy ion lumiressjfi84].

For the scenario with 10 weeks of physics operation per ybharassumed center of mass
energy is 200 GeV until mid-FY2009, and 500 GeV thereafter. the scenario with 10 weeks
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every other year, the assumed center of mass energy is 20ale@yghout the entire period,
reaching the target in 2012.

For the scenario with 10 weeks of physics operation evergrogiar, the final values are
not increased in years without proton operation, sinceme ts available to develop the machine
performance. Thus in our projections we reach the Enhangednosity goal in FY2009 with 10
week physics operation per year, but need until FY2012 witlvéeks of physics operation every
other year. For operation at 500 GeV center of mass enemgjythinosity projections in Table 4
need to be multiplied by 2.5. We expect no significant reducith the average store polarization
after full commissioning of polarized proton ramps to 250/Ger the /s = 500 GeV running.
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Figure 35:Minimum and Maximum projected integrated luminosity tiylodrY2012. Delivered
luminosity numbers are given for one of two interaction pmirfor the scenario with 10 weeks
of physics operation per year, the assumed center of masgyeis200 GeV to mid-FY2009, and
500 GeV thereafter. For the scenario with 10 weeks every ottt the assumed center of mass
energy is 200 GeV throughout the entire period.

3.1 Polarization limitations

The RHIC beam polarization at the proton energy of 100 GeV igseatly limited by the AGS
beam polarization transmission efficiency of about 70%, thiedsource polarization. With the
installation of a new solenoid in FY2005, the source po&ron is expected to increase from
80% to 85%. The existing AGS polarized proton setup inclual&%o warm helical snake for
overcoming imperfection spin depolarizing resonancesaaridF dipole for overcoming 4 strong
intrinsic spin resonances. This setup has two drawbacks:

1. All the weak intrinsic spin resonances are crossed witharcection and result in a total
depolarization of about 16%.
2. Operation with the RF dipole still leads to about 15% defdéion.

In addition, the AGS has shown a dependence of the beam zattian on the bunch intensity.
These shortcomings can be overcome with the installatiameiv AGS cold snake, to be initially
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commissioned in 2005. With a scheme that combines the AGBsralke of 15%, and the AGS

warm snake of 5%, depolarizations at all imperfection ahoh&xinsic spin resonances should be
eliminated, making the AGS spin transparent with the exoepf some mismatch at injection

and extraction [185].

Obtaining 70% beam polarization in RHIC at 250 GeV proton gyes challenging be-
cause of strong intrinsic and imperfection resonancesriie§60 GeV. Betatron tunes and orbit
distortions have to be controlled precisely to avoid deprddion due to snake resonances. Sim-
ulations show that orbit distortions have to be correctelg$s than 0.3 mm rms. Orbit errors
are introduced due to misalignments and remain if the odrinot be corrected completely. A
realignment of the entire ring is scheduled for the 2005 senshutdown. Efforts continue to
improve the existing beam position monitor system, and thi correction techniques. A beam-
based alignment technique is under development. With tistirey hardware and software, orbit
distortions of 1 mm rms were achieved, as measured by the peaition monitors. Accelera-
tion of polarized proton beams beyond 100 GeV is planned 0520 he result of this machine
development effort will provide guidance for the toleralgeels of machine misalignments and
orbit errors.

3.2 Luminosity limitations

A number of effects limit the achievable luminosity. Curigrthe bunch intensity is limited
to aboutl x 10! to maintain maximum polarization in the AGS. This restdatishould be
removed with the AGS cold snake. With intense bunches thenkesam interaction will limit
the luminosity lifetime. With bunches afx 10! protons and 2 interaction points, the total beam-
beam induced tune spread will reach 0.015. Operation witterti@n two collision points will
significantly reduce the luminosity lifetime. RHIC is alsetfirst hadron collider to operate in a
strong-strong beam-beam regime. High intensity beamdessito a vacuum breakdown, caused
by electron clouds. In the warm sections, NEG coated beass@pe installed, that have a lower
secondary electron yield, and provide linear pumping. éabld regions, additional pumps are
installed to improve the vacuum to an average value¢Oof Torr before the cool-down starts.
With the PHENIX and STAR detector upgrades, the vacuum systehe experimental regions
will also be improved.

Time in store can be gained through faster machine set-@ggluection in system failures, and
the injection of multiple bunches in each AGS cycle. We prbjlat 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 immediatgmmétion for performance mon-

itoring, and absolute polarization to normalize the experital asymmetry results. Two types of
polarimeters are used. Both are based on small angle elaatiersng, where the sensitivity to

the proton beam polarization comes from the interferentwden the electromagnetic spin-flip
amplitude that generates the proton anomalous magneticemtcsnd the hadronic spin non-flip
amplitude, and possibly a hadronic spin-flip term.
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One type of polarimeter uses a micro-ribbon carbon target,pmovides fast relative polar-
ization measurements. The other type uses a polarized@tymiogen gas target, and provides
slow absolute polarization measurements. In additior) B6ENIX and STAR have developed
local polarimeters that measure the residual transverkipation at their interaction points.
These polarimeters are used to tune and monitor the spitorsthat provide longitudinal polar-
ization for the experiments. They polarimeters are dissthgs the Experiments section.

The fast proton-carbon polarimeter was first developeda@tABS [186]. It measures the
polarization in RHIC toAP = 40.02 in 30 seconds. Measurements taken during a typical
store in 2004 are shown in Fig. 36. A carbon ribbon targetti®duced into the beam, and the
left-right scattering asymmetry of recoil carbon ions isetved with silicon detectors inside the
vacuum. The silicon detectors observe the energy and tinflegbt of the recoil particles near
90 [187]. The detector selects carbon ions with a momentunstearin the coulomb-nuclear
interference (CNI) regions-t = 0.005 — 0.02 (GeV/c}. In this region, the interference of the
electromagnetic spin flip amplitude and the hadronic ngndinplitude produces a calculable
t-dependent asymmetry of 0.03 to 0.02. The cross sectiorrdgs,l&o that the sensitivity to
polarization is large. A term from a hadronic spin flip amyddi¢ is also possible and is reported
in Ref. [186]. This contribution is not calculable, so thastholarimeter must be calibrated using
a beam of a known polarization.
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Figure 36:Measured polarization during one store of RHIC in 2004.

A polarized atomic hydrogen gas jet target was used for thetiime in RHIC in 2004 [188].
The atoms are polarized with the Stern-Gehrlach procesddotone electron polarization state,
with rf transition to select proton polarization. The atoans focused in the RHIC beam region to
6 mm FWHM using the atomic hydrogen magnetic moment. A BreitiRalarimeter after the
RHIC beam measures the polarization by cycling through rfsiteon states. The polarization
was determined to be 0.28.02, including correction for the measured 2% moleculactfon
(4% nuclear fraction) that is unpolarized. The online tapgearization measurements are shown
in Fig. 37. The target polarization was reversed roughlyye®minutes by changing rf transi-
tions. Silicon detectors measure a left-right asymmetrypfoton-proton elastic scattering in the
CNI region, similar to the p-carbon polarimeters. By meagutire asymmetry with respect to
the target polarization sign, we measure the analyzing ptawg@roton-proton elastic scattering,
as shown in the elastic scattering subsection. By then miegstine left-right asymmetry with
respect to the beam polarization sign, flipping each bunatrye?00 ns), we obtain the absolute
beam polarization. The absolute beam polarization was unedso better thath P/ P = 7% in
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2004 (preliminary).
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Figure 37: Online polarization measurements for the polarized atohyidrogen jet target in
RHIC during the 2004 run. No correction is included for molcthydrogen contamination
(about 3%).

A remaining issue is whether the carbon polarimeter cdidmacan be used for different
detectors, from year to year, or whether it will be necessamecalibrate each year using the
jet target. We can also choose to use the jet target as the Rél&Cimeter, with the carbon
polarimeter used for corrections, for example for difféneolarization of the bunches and for a
polarization profile of the beams. It will also be necessaryrprove the lifetime of the silicon
detectors from radiation to avoid changing detectors mid-which worsens the RHIC vacuum
and is not expected to be compatible with high luminosityning. A related issue is development
to be able to bake out the polarimeter region.

3.4 Long-term perspective

A number of ideas are pursued for long-term improvemente®@htachine performance. RHIC
Il aims at increasing the heavy ion luminosity by an order agmtude through electron cooling.
For protons, cooling at store is not practical but pre-capkt injection might be beneficial. A
further reduction ofi*, especially at 250 GeV proton energy appears possible. $enedits may

61



also come from stochastic cooling, currently developechtavy ions. We expect a luminosity
improvement of a factor 2-5 for polarized protons for RHIC II.

With a new interaction region design, the final focusing qupdles can be moved closer
to the interaction point, thus allowing to squee¥efurther. This, however, makes some space
unavailable for the detectors. Additional increases inltimeinosity may come from a further
increase in the number of bunches, to close to 360, as is ¢diafan eRHIC, or operation with
very long bunches. The latter requires a substantial R&Dreffs well as a new timing system
for the detectors.
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4 Experiments

Beginning in FY 2003, DOE has funded a detector R&D programaatsgh the RHIC operations
budget, supporting the development of advanced deteatbnigues to meet specific needs for
proposed upgrades to PHENIX and STAR. As a result, the upgregi®sals discussed below
take advantage of extensive R&D effort within the RHIC comntyimmin the technologies of
precision tracking with silicon detectors, multi-gap stisie plate chambers (RPC) for large-area
time-of-flight measurements, and the GEM technology foctebe multiplication in compact,
high-resolution gaseous tracking detectors.

This section describes the three experiments capable dhgagin measurements.

4.1 PHENIX

RHIC has made great strides toward providing high lumindségms of highly polarized pro-
tons. To make statistically sensitive asymmetry measun&weath low systematics requires well
understood detectors; clean, highly selective triggetsalile measurements of beam luminosity
and polarization, and the ability to take and analyze datagit rates. In this section we dis-
cuss the current and proposed capabilities of the PHENIXatiet in the context of meeting the
challenges of the spin program.
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Figure 38:Plan view and side views of the PHENIX detector.

As shown in Fig. 38, the PHENIX detector comprises four instented spectrometers (arms)
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Figure 39: Then® mass spectrum in 1 GeM- bins 1-2 GeW, 2-3 GeV¢, 3-4 GeV¢ and 4-5
GeVE. The left four panels are for lead scintillator (PbSc), ahd tight four panels are for lead
glass (PbGI) calorimeter sectors. Events are collectedgishe highpr photon trigger of the
EMCal. The combinatorial background4s30% for ap; range from 1 to 2 GeV/ and~5% for
pr > 5 GeVE. The two-photon invariant mass resolution is 8.5% in the figsbin and 6.4% in
the lastpr bin.

and two global detectors [189]. The east and west centrad armlocated at central rapidity and
instrumented to detect electrons, photons, and chargewrisd The north and south forward
arms have full azimuthal coverage to detect muons. In audithe zero degree calorimeters
(ZDCs) and beam-beam counters (BBCs) measure the time andopositihe collision ver-
tex [190].

4.1.1 PHENIX Central Arms

The PHENIX central arms consist of tracking systems for ghdiparticles and electromagnetic
calorimetry. We require a calorimeter with the ability tgtitiguish isolated photons from those
from 7° decays over a large- range. A thorough understanding of the calorimeter andcéestsal
triggers is vital for these measurements.

The calorimeter (EMCal) [191] is the outermost subsystenhefdentral arms, located at a
radial distance of-5 m from the beam line. Each arm covers a pseudorapidity rahigg<0.35
and an azimuthal angle interval dfy ~ 90°, and is divided into sectors containing a lead scin-
tillator (PbSc) calorimeter or lead glass (PbGl) calorieneEach calorimeter tower subtends a
solid angleA¢ x An ~ 0.01 x 0.01, ensuring the two photons fronf decay are resolved up
to apr of 12 GeVEt. Shower profile analysis can extend thisrange beyond 20 Ge¥/ The
energy calibration used the position of the two photon iilardrmass peak from®° decay, the
energy deposit from minimum ionizing charged particlesdraing the EMCal (PbSc), and the
momentum determined by the tracking detectors of electiodgositrons identified by the ring-
imagingCerenkov detector. It has been shown that the energy resolwts better than 1.5%.
The effective energy resolution was deduced by compariagndasured energy and momentum
for identified electrons and positrons and from the widththefr® invariant mass peaks as shown
in Fig.39.
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The number of recorded high- 7°’s is enhanced by a highy trigger which uses thresh-
old discrimination applied to sums of the analog signalsnfeb<4 groupings (tiles) of adjacent
EMCal towers. The efficiency reached a plateal.6fat ~4 GeV, which is consistent with the
geometrical acceptance of the active trigger tiles, andrepoduced by Monte Carlo calcula-
tions. Charged particle contamination in the photon sampleminimized by using information
from the PHENIX ring-imaging_erenkov and tracking detectors [192, 193].

The calorimeter and trigger performance have enabled PMEbIimake many significant
measurements within the first few years of running. Measargsthave been made of the cross-
section [59] and double-helicity asymmetry [83] fof production (see Figs. 6, 12). Figure
40 shows an experimental efficiency fof detection at PHENIX including BBC and EMCal
trigger efficiencies, offline data selection, and recortsion efficiencies. The prompt photon
production cross-section in pp collisions has also beersored [66, 194] and the NLO pQCD
calculation [67] is in good agreement with the data (see8Frigin Ref. [66], a photon isola-
tion cut was applied as a first step toward a spin asymmetrgunement. The cut reduces the
level of background photons diluting the analyzing poweritiVihcreased luminosity we ex-
pect improved precision on these measurements, and thenBieturements of the double spin
asymmetryA?’ 7%,

The EMCal will also be used for measurements of inclusivetelaasymmetries from semi-
leptonic decays of charm and beauty produced mainly by ggloon fusion inpp scattering.
Electrons in the central arms are identified by the RICH detéGerenkov threshold fort =~
4.9 GeVt) and the EMCal. The yield of electrons can be categorizednatgphotonic electrons
mainly from semi-leptonic decays of charm and beauty, amatgtic electrons mainly from
gamma conversion and Dalitz decays of neutral mesons suchaaslr [195].

4.1.2 Muon Arms

The systematic study of/« production at Relativistic Heavy lon Collider (RHIC) energigghw
wide pr and rapidity coverage should provide crucial testg 6f production models. In addi-
tion, the RHIC proton-proton results provide a baseline fodging cold and hot nuclear matter
in proton-nucleus and nucleus-nucleus collisions udifg yields as a probe. PHENIX has two
forward spectrometers devoted to the characterizatiomngfesand di-muon events in the for-
ward rapidity regions [196]. The central magnet poles aetlaadron absorber in front of a radial
field magnet with acceptance from k2n < 2.2 (2.4) in the South (North) spectrometer. Inside
the magnetic field, there are three high resolution cathtigetsacking chambers capable of de-
termining space point position to 100 microns. Downstream of each spectrometer magnet is a
Muon Identifier (Muld) which covers the same rapidity regidiney consist of five layers of steel
absorber sandwiching both horizontal and vertical propoal tubes, with the total thickness of
the absorber material of 60cm. The minimum muon momentumtalpenetrate all 5 gaps is 2.7
GeVle, and the pion rejection factor at 3 Ge\M$ 400. The Muld is also used as trigger counter
as well as identifying the muon. It uses full hit informatiohthe detector, 9 cm in horizontal
and vertical direction for each gap, and determines wheth@uon candidate road exists for
each beam crossing. Triggers on single and double tracksswiticient depth in the Muld are
passed to the global level-1 trigger of PHENIX/+) yields in the muon arm were obtained by
reconstructing:™ — p~ pairs. Muon tracks were reconstructed by finding a track sedlde
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Figure 40: Experimental efficiency for’ detection at PHENIX. It includes BBC and EMCal
trigger efficiencies, offline data selection, and recondinn efficiencies. Black points are effi-
ciencies calculated from run2-pp data and the black line 8y@othed curve for eye guidance.
It saturates around 35-40%. The dotted red line shows exgexfteeiency in the future. We can
achieve this by removing the BBC coincidence from the trigael setting the EMCal trigger
threshold energy higher.

MulD and matching it to clusters of hits in each of the threelMstations. The momentum was
determined by fitting, with a correction for energy loss, MelD and MuTr hit positions and
the vertex position./ /1) mass resolution of 160 MeW in p — p collisions has been achieved
as shown in Fig.41. Together with the di-electron measuneimehe central arm, PHENIX has
published ther, rapidity and total cross-sections fdr« at+/s = 200 GeVt [197].

4.1.3 PHENIX Local Polarimetry and Relative Luminosity Detecbors

Local polarimeters, sensitive to transverse polarizadibcollision, were used to set up the spin
rotators and monitor the beam polarization direction alRRENIX interaction point. The local
polarimeters utilized a transverse single spin asymmaetryeutron production ipp collisions
at/s = 200 GeV [198]. For vertically polarized beam a left-right asyetny is observed for
neutrons produced at very forward angles, with no asymnietrgroduction at very backward
angles. A fully longitudinally polarized beam produces sgrametry.

Neutrons withE,, > 20 GeV and production angle.3 < 60, < 2.5 mrad were observed
by two hadronic calorimeters, the Zero Degree Calorimet@&xJ) [199], locatedt-18 meters
from the interaction point. Scintillator hodoscopes atifitéraction length provided the neutron
position at the ZDC, and thus the neutron production angleaamduthal angle = arctan(z/y)
with g vertically upward. Thet axis forms a right handed coordinate system with ihexis
defined by the beam direction for forward production. Figt2eshows the observed asymmetry
for the spin rotators off and on, for the blue and yellow beaMéth the spin rotators off, a
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Figure 41: The invariant mass spectra for dielectron and dimuon palslike-sign pairs are
shown as solid lines, the sum of like-sign pairs as dashed.line

left-right asymmetry is observed from the vertically patad beam. With the spin rotators on,
the transverse asymmetry is greatly reduced, indicatingtadegree of longitudinal polarization
(0.99 and 0.98 for the blue and yellow beams, respectivélgeparate run with the spin rotators
set to give radial polarization confirmed the direction @& folarization for each beam.

In addition to the polarization of the beams, we requirerimfation on the intensities and pos-
sibly the profiles of the colliding bunches. This knowledgjeeécessary because the spin structure
information we seek appears in correlations between tleearaiingular distribution of specific
final states and the spin direction(s) of the colliding pnstaHowever, spin correlated differences
in the production rate of particular final states may appean & the absence of a physics asym-
metry simply because the luminosities of the colliding bwexare different. This necessitates
measurements of the relative luminosities of the collidimgches which are insensitive to the
beam polarization and of greater precision than the snigdlgssics asymmetry to be measured.
PHENIX is currently equipped with two forward detectorsg 8BCs and ZDCs, which are pri-
marily sensitive to thep inelastic and double-diffractive cross-section respetti They have
demonstrated an insensitivity to the colliding bunch pektion at the level of 1.4< 10~% and
have a high rejection of backgrounds. Scalars attachedsettietectors counting a single event
per crossing form the successful foundation of the reldtis@nosity measurements suitable for
the currentpp luminosity. As RHIC approaches its design luminosityx 20*2 cm—2s!, there
will be multiple pp interactions per bunch crossing, and ambiguities in deteng whether the
event vertices lay within the PHENIX acceptance. We belibese complications will be over-
come by incorporating additional information from the a¢tes which is linear in the rate such
as phototube charge and multiplicity. Bunch profile inforimafrom existing RHIC instrumen-
tation, new analysis techniques and trigger logic will becu minimize the effects of vertex
ambiguities on the determination of relative luminositys@, a dedicated low cost, small accep-
tance detector is being considered to address these idsuedly, we note that the uncertainty
on the relative luminosity may be reduced through use of pire ffippers at RHIC, which will
allow frequent reversals of the beam helicities.
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Figure 42:The raw asymmetry normalized by the beam polarizatig®, as a function of az-
imuthal angleg, for forward neutron production. The solid points and curegrespond to the
spin rotators off (transverse polarization) and the opeimpoand dashed curve correspond to
the spin rotators on (longitudinal polarization). Curveseasine function fits to the data, rep-
resenting possible transverse polarization. The data arespecial runs used to set up the spin
rotators, where the blue (yellow) polarization was 0.24 an@BE®B08 and 0.28), for spin rotators
off and on, correspondingly.

4.1.4 PHENIX DAQ and Computing

The PHENIX DAQ has been designed from inception as a panaipalined buffered system
capable of very high rates of nearly deadtime-less datagdakin this kind of design, data is
sent from each detector element in multiple parallel stsedraffered at each stage in the chain
to smooth out fluctuations in rate, and then uses simultanesad and write for the highest
possible throughput with existing technology. At presétlENIX has achieved data rates of
over 4 kHz, and with improvements in noise reduction PHENN&dd be able to approach the
peak design interaction trigger rate of 12.5 kHz. Such higiQDates are crucial for providing
the capability and flexibility to record the many differemds of interesting rare events at RHIC.

In addition to the RHIC Computing Facility (RCF) at BNL, PHENIX hagjional computing
centers around the world. The biggest one is the RIKEN CC-J, CongpGenter in Japan. The
CC-J has comparable computing resources to the PHENIX pdred®CF, CPU power and data
storage capability with the High Performance Storage 8y$t#PSS). The main missions of the
CC-J for the PHENIX experiment are the primary simulation eersin Asian regional computing
center, and a computing center for the spin physics. In raimll be used for the reconstructed
data production of all the polarized proton collision dalRaw data are sent from PHENIX to
the CC-J as much as possible using a WAN connection in paralleetRCF HPSS. A sustained
transfer rate of the WAN connection between BNL and RIKEN of 1B/&#has been routine and
occasionally 60 MB/s has been sustained. The PHENIX DAQ sgxpected to be 60 - 100
MB/s in near future. The data which are not transferred intierd will be sent later through the
WAN, and with tape transfer by air-shipments as a backup. pfabottleneck of the WAN was
upgraded very recently, so the transfer rate may reach 106 MB/
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upgrade channel physics targetr coverage

muon trigger W+ —pt Au(z), Ad(z) 0.2< z,4 < 0.6
W= —pu~ Au(z), Ad(r) 0.04<z;;<0.1
silicon vertex tracker ¢ — e 0.01< 2, <0.1
b—e
D — Kr Ag(z) 0.1<z,<0.2
B — J/Y 0.03<z,<0.1
v+ jet 0.02< z, <0.1
nose cone calorimetery + jet Ag(z) 0.001< z,

Table 5:Physics goals of the PHENIX detector upgrades.

4.1.5 PHENIX Detector upgrades

Three PHENIX detector upgrades related to spin are proptmsséé completed around 2010.
They will enhance the existing capabilities or make possibeasurements of new spin observ-
ables. They are the 1) The muon trigger upgrade, 2) The SiMeotex Tracker 3) A Nose Cone
Calorimeter. These upgrades will be described briefly ingbition.

Muon Trigger Upgrade

The flavor separation of quark and anti-quark polarizationsip and down quarks, requires
separate high statistics measurements of inclusive leatonting rate asymmetrieﬁzw_’“+ (pr)

andAEVﬁ_”” (pr). These measurements translate into the following expetmheequirements
for the PHENIX muon arms: (a) superior event selection caipaim order to reduce the 10MHz
collision rate to the data archiving bandwidth availablé*HHENIX (b) the ability to assign the
correct proton polarization (that is bunch crossing number given W-event candidate, (c)
tracking resolution to correctly determine the lepton geasign and (d) good signal to back-
ground ratios in the off-line analysis.

Extensive Monte Carlo simulations including a full GEANT silation of the muon arms
show that the existing muon spectrometers are capable afinggia clean sample of W events
for the off-line analysis: a requirement pf > 25 GeV on the transverse momentum of the final
state decay muon will remove most of the collision and bedated backgrounds; we expect a
signal to background ratio of about 2:1.

A new first level muon trigger is required to improve the oaliperformance of the present
first level muon trigger. Rejection factors achieved in thespnt PHENIX muon trigger, based
on information from the existing muon identifier system arewt R=250. Measurements at the
luminosities needed for the W-physics program will requéjection factors of R5000.

The new first level muon trigger in PHENIX will be based on #hfast trigger stations which
will be added to each of the PHENIX muon spectrometers asisiofig.43. The trigger stations
will use Resistive Plate Chamber (RPC) technology developethémuon trigger in the CMS
experiment at LHC. In addition new front end electronics far é€xisting muon tracker chambers
will make it possible to introduce muon arm tracking infotoa in the future muon trigger.
Information from the three RPC stations and the muon trackirbe processed in standard
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Figure 43: The muon trigger upgrade layout. The existing muon trackemtbers and muon
identifier planes are shown with the resistive plate chamlsiats R1-R3.

PHENIX first level trigger processor boards. The boardsyclange Xilinx Fast Programmable
Gate Arrays (FPGAs) and can carry out a fast online momentwasaorement based on the
tracking information from the RPCs and the muon trackers. ditah a timing cut will be
applied in the RPC front-end electronics to remove beam backgls.

Detailed beam background measurements and beam-loss Karitesimulations were car-
ried out to confirm that the substantial steel absorbers IBN introduce a large asymmetry
in the incoming and outgoing beam backgrounds which can peiead for triggering purposes.
Overall the expected rejection power of the new muon triggexpected to be well above the
required level with R-10000.

The possibility of NSF funding for the RPCs is being pursuedrdppsal has been submitted
to the NSF MRI program by a consortium of four University greup January 2005: Abilene
Christian University, UC Riverside, University of lllinoisd lowa State University. The funding
requested from the MRI program is $2.0M with an additional®3@ institutional contributions
from UCR, ISU and UIUC. The proposal is presently being reviewAdfunding decision is
expected by summer 2005. Funding for the upgrade of the nmachkdr front-end electronics,
estimated at $1M, is sought from Japanese sources. It isgdato complete the installation
process in late 2008.

PHENIX Silicon Vertex Tracker

The PHENIX Collaboration proposes to construct a Silicorté&fefracker (VTX) in the next
few years. The VTX will substantially enhance the physigsadalities of the PHENIX central
arm spectrometer. Our prime motivation is to provide pieaisneasurements of heavy-quark
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production (charm and beauty) in A+A and p(d)+A collisioaad polarized p+p collisions. In
addition, addition of a large acceptance central dete@palle of monitoring multiplicities of
hadronic final states along with their directions will enbarthe PHENIX’s capability to study
Jets in hadron-hadron collisions. These are key measutsrfa@nthe future RHIC program,
both for heavy ion physics which intends to study the propemf dense nuclear medium cre-
ated in their collisions, and for the exploration of the mael spin-structure through polarized
pp collisions. While the detailed list of physics measurets@ossible with the VTX detector is
discussed elsewhere [200], the principal measuremerdsiatsd with polarizegp program are:
(1) Ag/g from charm and beauty production in polarizedscattering and (2) x dependence of
Ag/g from ~-jet correlations Heavy quark production has been measw&HENIX presently
through the observation of inclusive (decay) electronsesehmeasurements are limited in ac-
curacy by the systematic uncertainties resulting from iptes¢arge electron backgrounds orig-
inating from Dalitz decays and photon conversions. The oreasents are statistical in nature,
and one uses different models to distinguish between chadb@auty contributions. The VTX
detector will provide tracking with a resolution ef 50.m over a large coverage both in rapidity
In| < 1.2 and in azimuthal angleX¢ ~ 27). A significantly improved measurement of heavy
quarks inpp collisions is deemed possible over a wide kinematic rangle thie VTX.

The proposed VTX detector will have four tracking layers.r Bwe inner two layers we
propose to use silicon pixel devices with 50425 ym channels that were developed for the
ALICE experiment at CERN/LHC. Our preferred technology for outeo detector layers is a
silicon strip detector developed by the BNL Instrumentafiovision which consists of §@m x
3 cm strips layered to achieve an effective pixel size ofx802000um. We plan to use SVX4
readout chip developed at FNAL for the strip readout. Thenaan in using existing technology
has been to reduce the cost and time for R&D that for such agiropaild ordinarily be rather
high and long, respectively.

PHENIX proposes that the project will be mainly funded by tagencies: the DOE Office
of Nuclear Physics and RIKEN Institute of Japan. While RIKENding of $3M has been
available since 2002, it is proposed that thé.3M for the Strip Layers will be available from
DOE starting FY06. If the VTX is funded accordingly, it willudt and commissioned in the
RHIC - Run 8 which presently is expected to be a long Au+Au run.

PHENIX Nose Cone Calorimeter

A proposal for a forward spectrometer upgrade is being d@esl with the objective of
greatly enhancing present capabilities for PHENIX in thevird direction. When completed,
the detector will sit near the PHENIX magnet poletips, andl segsult in a nearly ten-fold in-
crease in rapidity coverage for photons and to some extemigidrons and jet detection, as well
as better triggering capabilities. Newly acquired accedsitward production of inclusive jets,
direct photons or Drell-Yan pairs at large in nucleon-ion collisions at RHIC will provide a new
window for the observation of saturation phenomena expeatdigh parton number densities
which is of importance in the evolution of the partonic diattion functions. In combination
with the central arms, the possibility arises of of detegtint jet in polarizedpp with a large
rapidity gap, extending the range over which PHENIX is sensitive fyg.

The PHENIX Forward Upgrade is constrained by the existinggmspectrometer configu-
ration including its wire chambers, hadron absorber wait$ magnet yokes. The core element
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of the proposed upgrade are compact tungsten calorimettrsiicon pixel readout and fine
transverse and longitudinal segmentation built to idgrarid measure forward electromagnetic
activity and provide jet identification and coarse jet egargeasurements. The principal perfor-
mance aspect of the NCC is its ability to run in the unassistedenfwithout upstream tracking).
The NCC is an extremely dense sampling calorimeter usingstengabsorber interleaved with
silicon readout layers.

4.2 STAR
4.2.1 Recent spin-related upgrades

A cross-sectional view of the STAR detector, emphasizimgsihbsystems that have been added
to the baseline detector [201] with the spin program as agmrdriver, is shown in Fig. 44. The
relative luminosity monitoring critical for the measuremef spin asymmetries is provided by
Beam-Beam Counters (BBC) that have been added just to the east sinaf #ee STAR magnet,
at a distance of 3.5 m from the beam intersection point. The BBfZ9lastic scintillating tile
detectors for charged particles over the pseudorapiditgegd.3 < n < 5.0. An east-west
prompt coincidence, sensitive to nearly 90% of the totatsioigly diffractive pp cross section at
Vs = 200 GeV, is used to discriminate beam collisions from beam-g&saction background.
The azimuthal segmentation of the scintillating tiles piggrthe measurement of left-right and
up-down single-spin asymmetries. Comparison of the BBC asyneseneasured at STAR for
hits in the inner BBC tiles with those measured simultaneousthe RHIC CNI polarimeters
has revealed a small analyzing powel( ~ 0.006) suitable for use of the BBC'’s as a local
polarimeter when the beam spin at STAR is transverse to itsi@eneum. In particular, this
functionality is important for tuning the STAR spin rotasolas shown in Fig. 45, one can adjust
the rotator magnet currents to give longitudinal polai@aat the IR by arranging for both (left-
right and up-down) BBC transverse asymmetries to vanish.

The major STAR upgrades already installed for the spin gnogrepresent additions of elec-
tromagnetic calorimetry (EMC) for the detection of high-ayephotons, electrons and over
a broad range of pseudorapidity. The Forward Pion Dete¢k®D) are small lead-glass-based
calorimeters placed to the left and right, and above andlyé&he beam lines 7.5 m to the east and
west of the center of STAR. The FPD providesdetection and identification at highr.,nman
and forward rapidity .3 < n < 4.1), where large single-spin transverse asymmetries have bee
observed (see Figs. 6, 27). (The measurements reported]iwgde made with a precursor of the
present FPD’s that was a prototype section of the STAR EnH64@.) The FPD’s will continue
to be used to probe the origins of these large single-spattsifand also to investigate gluon po-
larization via di-hadron coincidence measurements ofyithe tliscussed in Sec. 2.5. In addition,
the FPD provides access in d+Au collisions at STAR to the loarliBgn« regime where gluon
saturation models predict, and the RHIC experiments haveredd, the onset of significant sup-
pression of moderatgr hadron production. A new calorimeter described below isipdal to
greatly expand the coverage of STAR’s west-side FPD to emhdrecabove coincidence mea-
surements in both p+p and d+Au runs.

The largest additions to STAR relevant to the spin prograettee Barrel (BEMC [202]) and
Endcap (EEMC [203]) calorimeters, funded by DOE and NSHeesvely. Each of these sub-
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Figure 44:Cross sectional view of the STAR detector as installed fo2@@ RHIC run, em-
phasizing subsystems most relevant for the spin prograchthaair functions. Completion of the
readout electronics for the barrel EMC during the 2005 runlwhbke the detection subsystems
used for p+p fore-aft symmetric, except for the endcap EMCghvigsides on the west side.

systems is a multi-layer sandwich of Pb radiator sheets mstipscintillator with light collection
via optical fibers. Each contains a fine-grained Shower-Maxn Detector (SMD — gaseous for
BEMC, plastic scintillator for EEMC) for discriminating sirgbhotons fromr® daughter pho-
ton pairs, by means of the transverse shape of the electr@haghowers produced. Each also
contains pre-shower layers, and the endcap adds a poseshayer as well, to improve elec-
tron/hadron discrimination. As shown in Fig. 46, the fahtion and installation of both EMC’s
has been completed during 2004, although installation af faadout electronics for the east half
of the BEMC is still anticipated to occur during February-ka2005. The EMC's provide criti-
cal detection and triggering capability for STAR studieget$, photonsz®, W-bosons and’/+)
(as well as heavier quarkonium species), all of which playificant roles in the spin program
described in earlier sections of this document. The broadgsrapidity coverage(l < n < 2)
permits, for example, study of-jet coincidences spanning a broad rangecefalues for the
participating gluons, while still maintaining large trassse momentap¢ > 5 GeV/c) for the
partonic scattering.

Both EMC'’s have performed well in partial installations foetB003 and 2004 RHIC runs,
enabling detector commissioning, optimization of onlirdilaration and triggering, debugging
of subtle electronics problems and initial extraction oygibs results. The first paper based on
BEMC transverse energy measurements for Au+Au collisiorST&R has already been pub-
lished [204]; others, based on electron spectra measutadivei BEMC, are in preparation. Fig-
ure 47 shows an event display for a dijet detected with STARE Bnd BEMC, together with
the spectrum of the ratio of BEMC/total transverse energydisrijeconstructed within the partial
BEMC acceptance available during the 2004 p+p RHIC run. Fig8rehows a typical shower
profile measured with the EEMC Shower-Maximum Detector faf @andidate, together with
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Figure 45: Left-right (a) and up-down (b) single-spin asymmetries meabvs. time during

the 2003 p+p run with the STAR BBC'’s (closed symbols) and th€RHNI polarimeters (open
symbols). When the beam spin orientation at STAR was vertiwaleft-right asymmetry was
consistently about half that of the CNI polarimeters. Initiahing of the STAR spin rotators
to produce longitudinal polarization was carried out on da§, by arranging for both BBC

transverse asymmetries to vanish, while the CNI asymmetnesined sizable.

an invariant mass spectrum reconstructed from the SMD alodirceter tower information for
all two-cluster combinations detected with the partial EEMr several 2004 p+p runs. Analysis
groups within STAR are actively working on optimizing théi@ency and background suppres-
sion in reconstruction algorithms for jets) and single photons, electrons afd). This work

is aiming toward first EMC-based spin publications in theelattalf of 2005 (based on 2003 and
2004 data) and toward readiness for prompt analysis oftesgam the anticipated long p+p run
during 2005.

In addition to the above hardware upgrades, STAR has entiateepin program by the
addition of new collaborators over the past few years. Pnemntinew groups with heavy interest
in spin from MIT, LBNL, CalTech and Valparaiso University colement the groups from BNL,
ANL, Indiana University, UCLA, Penn State, Texas A&M Unividys JINR Dubna and IHEP
Protvino, who have been instrumental in launching STAR’s gpogram. With these hardware
and manpower additions, the resources are in place to p8FAR to address many of the high
priority spin physics goals described in Sec. 2, most premiy the delineation of gluon helicity
preferences via a number of reaction channels. Learningespybut no additional equipment,
are anticipated for dealing most effectively with the TP@mp and BBC occupancy problems
that will arise as the p+p luminosity increases at RHIC, andiionitoring beam polarization
locally at STAR when the beam spins are oriented longitulyind=or example, fine-grained
shower-maximum detectors already installed in STAR’'s Zeegree Calorimeters will still be
useful for monitoring the beam polarization, via the neatppoduction asymmetries shown in
Fig. 42, at much higher than present luminosity. It may besitxds to monitor longitudinal beam
polarization via the anticipated appreciable; asymmetry for quark-quark scattering, which
can be emphasized by requiring two high-hadrons detected in STAR with a large rapidity
interval between them. Additional upgrades are neededebenyto optimizél detection and
the measurement of flavor-dependent sea antiquark pdiarizan STAR, as described below.

74



A
e

Figure 46:Photographs showing insertion of one of the final barrel EMGoies into STAR (left)
and the complete endcap EMC on the west poletip (right). Vdthpdetion of these subsystems,
STAR is ready to take full advantage of long polarized p+psrimthe 2005-9 period.

4.2.2 Future STAR upgrades relevant to the spin physics pragm

The W+ production studies central to the envisioned spin physiognam at,/s = 500 GeV
strain the capabilities of STAR’s Time Projection Chamberijclwtwas designed for heavy-ion
collisions to track charged particle momenta ugpto ~ 10 GeV/c. The TPC provides very
limited resolution forl}” daughter leptons up tor of 40 GeV/c, especially in the endcap region
(n > 1), where the drifting electrons from charged particle teairkercept a decreasing fraction
of the readout pad rows. Fortunately, the EMC’s provide mesgmsants of electron transverse
energy with a typical resolution 4% for pr ~ 40 GeV/c. But the EMC'’s alone cannot discrim-
inate electrons from positrons, and charge sign deterroim&br the parentl is critical to the
physics goal of separatirngfrom d polarizations in the proton sea (see Sec. 2.7). Furthermore
comparison opr measured from track curvature witly measured in the calorimeters provides
a powerful method (over and above those available from th€KMlone) to discriminate the
low-ratelV signal from a background of more abundant higheharged hadrons. While STAR’s
present tracking capabilities are adequate for these taske BEMC region, upgraded tracking
is needed fof¥’* production in the endcap region, where the separatiarfiafm d polarizations

is kinematically cleanest (see Sec. 2.7).

The need for improved endcap tracking is demonstrated idBigy simulations of 30 GeV/c
pion tracks, whose sagitta in the middle of the endcap regona 2.5 mm. With the TPC
alone, the charge sign is misidentified about 15-20% of tine.ti The addition of three space
points measured with- 50m resolution near the vertex and two with 100um resolution
just in front of the endcap would completely remove the chargsidentification problem, and
would provide 30% relative; resolution at the high momenta of relevance tolfhgroduction
program. Improvements of this order are quite feasible thigharrangement of detectors outlined
below, and would greatly enhance the physics impact of STAR1easurements.

The conceptual designs presently under consideratiorpfnagled forward tracking in STAR
are illustrated in Fig. 50. Space points near the vertex avbalprovided by an array of annular
silicon strip detectors placed just downstream of STAR'$esetracking devices, and inside the
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Figure 47: Event displays showing tracks reconstructed from a p+p dejent in the STAR
TPC (a) and from the TPC and BEMC (b). The events were colletieichg the 2004 run,
when only the west half of the BEMC was functional. The lower fsashew preliminary STAR
p+p jet physics results: (c) the spectrum of the ratio of BEMGotal (TPC+BEMC) energy
measured for inclusive jets, for two different jet triggefd) the distribution of azimuthal angle
differences between the reconstructed jet axes for di-grite205]. The differences between the
two spectra in (c) reflect trigger biases (qualitatively cistent with simulations) that must be
understood to extract reliable information concerningaiypolarization from measured jet two-
spin asymmetries. The fit to the angular correlation in (d)sed to extract the mean transverse
momentumky) of the interacting partons before the hard scattering thedduces the di-jet.
STAR'’s results fofky) are consistent with the world data for p+p at other collisioneegies
[205].

TPC’s inner field cage. Position would be measured just ugstiaf the EEMC in an array of 3-
layer Gas Electron Multiplier (GEM) chambers [206] tilifgetpseudorapidity regioh< n < 2,
over the full azimuthal acceptance. The silicon disks wdaddntegrated with and extend the
coverage of a new barrel silicon-strip tracker envisioresbirround, and provide high-rate tracks
pointing to, a high-resolution Advanced Pixel Sensor mweaex detector (the Heavy Flavor
Tracker, HFT). The primary motivation for the latter two sybtems comes from the needs for
high-quality measurements of slightly displaced vertaesociated with heavy quark production
in STAR heavy-ion collisions. Research and development emybe and size of GEM chambers
that would be needed for the endcap tracker is ongoing in labmiation between STAR and
PHENIX. In addition to the ability to obtain the needed splatesolution with thin chambers that
would fit within the narrow space available in front of the EEMhe GEM technology provides
fast detectors whose tracking information would signiftbaalleviate ambiguities from pileup
tracks in the TPC anticipated at the ultimate RHIC pp lumitiesi

STAR groups from MIT and Lawrence Berkeley National Labonatare leading a collabo-
ration of several institutions (including ANL, BNL, IUCF, ¥ahnd Zagreb) in planning the inner
and endcap tracking upgrades. (The heavy-ion-driven HigFage project is led by the LBNL
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Figure 48:Elements of® reconstruction with the STAR EEMC. Frames (a) and (b) showstran
verse electromagnetic shower profiles measured in two ortidd@MD planes for a single event
with a 14 GeVr® candidate detected during the 2004 RHIC p+p run (when ond thfithe SMD
was functional). Frame (c) shows the invariant mass spectagonstructed for several p+p runs
from all possible pairings of EEMC points in the calorimetiwers and SMD strips. The) peak

is prominent. Algorithm development to optimize recortitonm efficiency and resolution, and
discrimination of single photons fron? is ongoing.

group.) The conceptual design of the silicon disks and GE&fdbers is not yet complete, with
still important open issues to address concerning the @ptirmdeoffs between coverage and
cost, the resolution impact of material in the endcap of tR€ Tetc. The present plan is to pro-
ceed with this upgrade in two stages: first, the silicon bavoaild be proposed, with the goal of
fabricating and installing it in STAR in time for an FY09 RHI@m, when it would be needed to
get optimal usage from the HFT (which is to be proposed orgathi faster timeline); the silicon
disks and GEM chambers would be proposed about a year laterthe goal of installation for

a long 500 GeV pp run in FY10, when we would hope to collect gddraction of the statistics
needed for thél productionA; measurements. The rough funding scope anticipated foe thes
two phases is- $6M and $5M, respectively, with contingency. Both DOE and Ni&#ding are
likely to be sought to share the costs for the second phaseldition, potential University based
funding sources are being considered.

Additional planned STAR upgrades driven by the heavy-i@eaech program will also have
significant benefits for the p+p spin measurements. An exiered STAR'’s forward electro-
magnetic calorimetry coverage beyond the EEMC, to2;54, has been proposed to the NSF
in January 2005. This Forward Meson Spectrometer (FMS)Kgpes1) would be constructed
from existing lead-glass counters to replace and expangrémsent Forward Pion Detector on
STAR'’s west side. The primary motivation for the FMS is to prdbe contributions of gluons
to nuclear structure at very low Bjorken(down tox ~ 0.001) in proton-nucleus or deuteron-
nucleus collisions at RHIC. Gluon saturation models predsi@pression of hadron production
at moderater in this forward rapidity region, which can be tested by sysiic measurements
for mesons reconstructed from their daughter photonsheurtore, Color Glass Condensate ap-
proaches to high-density QCD treat the gluons at suchrlend at moderate momentum transfers
as a classical field, from which parton scattering will reBumono-jet, rather than traditional di-
jet, products. The FMS will allow searches for the onset chsmono-jet events as a function of
the rapidity interval between correlated pairs of hadreng, (°) detected in coincidence within
STAR's extended EMC coverage.
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Figure 49: Tracking simulations for the endcap pseudorapidity regibn< n < 2) in STAR,
showing the response to 30 GeV/c throwtT under various assumptions of tracking detectors.
With the TPC alone, at present performance levelsptheesolution is poor, and the charge sign
is mistaken~ 20% of the time. With a forward tracking upgrade the resolution W sufficient
for theW* production program, and the charge sign errors will be renthbvEhe simulation here
assumes measurement of three space points witlrb@&solution inside the TPC inner field cage
and of two space points with 1Q0n resolution just in front of the EEMC.

Similar coincidences between leading hadrons in polarzega collisions permit study of
parton-parton scattering spin sensitivities under camnit where one can vary the subprocess
(qq vs. qg vs. gg) contributions in a controlled manner. Ascdbed in Sec. 2.4.1 of this
documentA;; measurements for such di-hadron events are part of thegdaapproach toward
unraveling the polarization of gluons in a polarized protbarthermore Ay measurements for
mesons in the FMS, in coincidence with other jet fragmentl,probe the origin of the large
single-spin asymmetries already found (see Fig. 27) fovdiod 7° production, as described in
Sec. 2.5. Thus, the spin program would make substantial fude &MS once it is installed in
STAR.

It is hoped the FMS will be installed for the FYO7 RHIC run, wh8MAR'’s present plans
call for the next long d+Au collision run. Total funding nestifor this project is about $1M,
with most of this sought from NSF. The project is being led BAR physicists from Penn State
University, BNL and IHEP Protvino, with additional partieipon by LBNL and Texas A&M
University. The lead-glass cells would be taken from thetaxy STAR west-side FPD and from
an available supply owned by the Protvino group.

The case for other STAR upgrades driven by the heavy-ionrarogs summarized in the
STAR Decadal Plan [207]. An upgrade to the TPC front-end sat@lectronics and to the
STAR Data Acquisition system will increase the event rateatdlity from the presents 100
Hz to ~ 1000 Hz, by 2007-8. This upgrade has two significant implicatiésrsthe spin pro-
gram: the FEE upgrade will free up space directly in frontted EEMC, needed for eventual
installation of the endcap GEM tracker described aboveDw®@ upgrade will permit collection
of large data samples for abundant reaction channels, susitlasive jet orr® production at
moderatepr, without introducing sizable and undesirable dead timeterrarer channels, such
as direct photon production. The barrel Time-Of-Flightedébdr proposed to improve (by 2008)
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Figure 50: Schematic illustration of one layout of silicon and GEM a#tes presently under
consideration for STAR’s tracking upgrades. In (a) the @asi components of the staged tracking
upgrade are shown in their intended locations within the STAteator. Frame (b) shows the
layout of triple GEM chambers envisioned to tile the regiarfront of the EEMC. Frame (c)
shows the inner tracking region, including four silicon distonsidered as part of the forward
tracking improvement driven by the spin program. The otheppsed subsystems highlighted
in (c) — a fast barrel silicon tracker (supplanting STAR'sr@mt Silicon Vertex Tracker) and an
Advanced Pixel Sensor micro-vertex detector — addresssnedcheavy flavor tracking in the
heavy-ion program. The forward silicon tracker must be iraégd with them and the associated
changes they require in the beam pipe through the centrabnegf STAR.

STAR’s particle identification up te- 3 GeV/c in heavy-ion collisions will also aid the spin pro-
gram,e.g, in permitting clean identification of charged pions, anddesof thep-meson invariant
mass region, for studies of transversity via interferemagrhentation functions (see Sec. 2.5).
The Heavy Flavor Tracker mentioned above, while again driwe studies of the unique matter
produced in heavy-ion collisions, will also permit improMéentification in STAR of the produc-
tion of heavy quarks in p+p collisions, providing accessltmg polarization and to possible spin
effects from the quark mass (explicit chiral-symmetrydkiag) terms in the QCD Lagrangian.

In summary, the completion of the barrel and endcap EMC’spuohg the addition of the
Beam-Beam Counters and Forward Pion Detectors, has brougt ®Tll readiness to exploit
the anticipated long polarized pp collision runs during 2005-9 period. A significant upgrade
to STAR'’s forward tracking capabilities is still needed tdiopze its W=+ production program
in 500 GeV pp runs anticipated for the 2009-12 period. OthxRSupgrades planned for the
next several years, primarily to enhance its capabiliiegudying heavy-ion collisions, will have
significant side benefits for the spin program.
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Figure 51:Front view of the intended layout of Pb-glass counters casiy the proposed For-
ward Meson Spectrometer (FMS) at STAR. The detector wouldaethe current west Forward
Pion Detector located 7.5 m from the center of STAR, greaipaeding acceptance for mesons
decaying to photons and for meson coincidences in a kinermegion dominated by contribu-
tions from gluons at very low Bjorken This coverage is important to both the search for satu-
ration of gluon densities in nuclei and to the STAR spin peogr The pseudorapidity coverage
is indicated by the red circles representing lociat 3.0, 3.5 and 4.0.

4.3 Other experiments

43.1 PP2PP

The pp2pp Experiment last took data in 2003, using silicdeaters in four Roman Pot stations
that can remotely place the detectors close to the outgdumydnd yellow beams, measuring
elastic scattering from collisions at IP 2. Results from this are discussed in section 2. With
a small modification requiring rotation of two stations toaibontal orientation, the present ex-
perimental setup, see Fig. 52 is suitable for sensitivestrarse spin measurements in an extended
|t|-range0.003 < [t| < 0.020 (GeV/c)?. This running would use accelerator opticsa£20 m.

For /s=500 GeV, optics with3*=20 m allows measurements up |td ~ 0.12 (GeV/c}. A
proposal is being prepared, to run in 2006.

4.3.2 BRAHMS

The BRAHMS detector is well suited to explore the andp; dependence of the single spin
asymmetries for identified charged hadrons. The forwardtspmeter is operated at3° and
4.0° for these measurements. The spectrometer has a total hgmuolier of 7.2 Tm and a mo-
mentum resolution ofp/p ~ 1—2%. The particle identification in the current setup using a Ring
Imaging Cherenkov (RICH) detector allows for identification for momenta up to 35 GeV/c.
Operating the RICH at a lower pressure of the radiative ga&s, 61, will allow for 7 identifica-
tion up to~x 50GeV/c. ldentification of kaons is possible up to a somewhat lowemeratum
thanzs due to the lower yields. During the 2004 run, a small sample‘oand~~ data were
taken. Preliminary data are shown in section 2. The coverrage vs z; is shown in Fig. 53.
Future measurements in 2005 and possibly in 2006 will exteisdcoverage towards larger;
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Figure 52:Layout of the pp2pp Experiment. Note the detector pairs RP2,&d RP3, RP4 lie
in different RHIC rings. Scattering is detected in eitheeaf two arms: Arm A is formed from
RP3U and RP1D. Conversely, Arm B is formed from RP3D and RP1U.
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Figure 53:BRAHMS acceptance in->and pr.

andpr. The required delivered luminosity for such measuremesits-i 4pb—1.

4.3.3 Jet Target Experiment

With the addition of recoil detectors at more forward angtasering 85 to 60°, and with for-
ward detectors near the beam direction, th@ange of the polarized atomic hydrogen jet tar-
get in RHIC can be substantially increased. The present tesecover—¢=0.0015 to 0.03
(GeVI/cy for polarimetry. A proposal is being considered to reagk1 (GeV/c¥. The exper-
iment would make precise measurements of the cross secitiransverse spin asymmetries
(do/dt, An, Any) for pp elastic scattering, from the Coulomb nuclear interfererazgon to
the intermediate region dominated by Pomeron scattering, and into the diffsa dip region
around—t ~1 (GeV/c}. With the use of additional RF transitions, the jet target also pro-
duce deuteron beams. Deuterons would allow the study ofipetipd scattering, comparing the
protons scattering from protons (I=1) to deuterons (I=0)other attractive possibility with this
facility is to scatter light ion beams from the polarizedtget. This allows the study of nuclear
effects in polarizeghA scattering.

4.3.4 Large Acceptance New RHIC Detector

A new comprehensive detector [165] has been discussed fo€ RHb measure and identify
hadrons, electrons and muons, photons and jets over a &pigity range and full azimuth. Such
a comprehensive detector utilizing polarized p+p inteoastat the RHIC Il facility is an effective
way to explore the structure and dynamics of the proton beye present RHIC spin program
capabilities. The detector utilizes precision tracking particle identification to large transverse
momentum (20 GeV/c) in a 1.3 T solenoidal magnetic field wimplete electromagnetic and
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hadronic calorimetry and muon identification ove8.5 < n < 3.5. Further coverage forward
(3.5 < n < 4.8) with tracking, electromagnetic and hadronic calorimésrplanned. High rate
data-acquisition and triggering capabilities allow anestgation of rare processes, such as a
possible parity violating interaction in the Standard Mo&M) and polarization of the QCD
sea, that are complementary to a future dedicated eRHIGtya&HIC Il is in a unique position

to explore aspects of physics beyond the SM in a region ofgolpace that is unconstrained by
current or future experimental efforts at other collidenilities.

Some of the exciting spin physics topics that can be coverddawew comprehensive de-
tector at RHIC Il are the following: a) The polarization ofstgeness in the sea can be probed by
charm-tagged production gts = 500 GeV in such a RHIC Il detector. b) Gluons in the proton
can be accessed directly through measurements of heawy-flaeduction in various leptonic
decay channels over a large kinematic range in the new detdt¢asurements of heavy quarko-
nia will probe gluons in the proton at higher RHIC Il luminasg. c) The transversity densities
of quarks and anti-quarks will be accessible at RHIC, but caprbbed with greater precision
at RHIC Il. The increased luminosity of RHIC Il and the broadegatance of the new detector
will make possible double-transverse spin asymmetry{) measurements for highy inclusive
jets and the Drell-Yan process. d) Predictions for physeyohd the Standard Model (SM), e.g.
new parity-violating interactions, may be discovered gspin measurements at RHIC Il [173].
Here parity violation arises within the SM for quark-quadatiering through the interference of
gluon- and 2-exchange. Observation of a parity-violating single-smiiymmetry in inclusive
single-jet production at RHIC Il would signify quark compiasiess [166]. Predicted deviations
from the SM prediction are extremely small and increase wahsverse jet energy, requiring
the highest possible luminosities and data rates, and targerage for jet measurements to the
highest possible transverse energies. e) Although opemncpeoduction is fairly well under-
stood, beauty production exhibits large discrepanciesdxt theory [208] and recent data from
HERA [209] and LEP [210]. This has led to an extensive disarsef physics beyond the Stan-
dard Model (SM) as an explanation for this discrepancy.vil&H could play an important role
in understanding this discrepancy through its ability teestigate energy- and spin-dependent
charm and bottom production.
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5 Spin plan schedule

In the charge, we were requested to consider two runningdstdée 10 and 5 physics weeks
for spin per year. These follow, showimgampleplans. We emphasize that the actual run plan
will be developed from the experiment beam use proposalsc@nsideration of these scenarios
should not suggest that we advocate a change to this sugcagpfoach.

A key issue is the completion of experiment hardware to renwhphysics program. The
required hardware are the muon trigger improvements for WK{Eand a forward tracker for
STAR. The PHENIX muon triggering improvements are estimatedost $2.3M for resistive
plate chambers and $1M for muon tracker electronics. Phnompletion is for the 2009 RHIC
run. The STAR tracker (estimated $5M) is planned to be pregpdas 2006, and to be complete
for the 2010 run.

The example plan below for the 10 physics week/year casedhiiically driven”. The plan
assumes that the funding is received, and the work is coetlas planned. For the 5 week
plan, the delay in reaching luminosity goals fgs=200 GeV delays the start of the W running
considerably, by greater than three years. An early comple&tf the W hardware is less of an
issue for this case.

A second key issue is machine performance. We assume thaaek the polarization goal
of 70% in 2006. For luminosity, we assume in the example phe we reach 0.7 times the
"maximum” luminosity (see section 3). This assumption scdissed there.

A third key issue is experiment availability, in which we nde up time, live time, and the
fraction of the collision vertex accepted by the experim@ihis results in "recorded luminosity”
for each experiment. We have taken the up time to be 70% fdr eggeriment, as has been
achieved. The live time for PHENIX is 90%, due to multi-evéniffering; the live time for
STAR is 50% for data-taking including the TPC, and 90% for deiag fast detectors only. The
online data selection adjusts thresholds, for exampleoterp requirement, to reach these live
time levels. The PHENIX vertex acceptance for the 200 GeViingnis 50%, requiring the vertex
to be within 30 cm of the IP. We have used this acceptance atse00 GeV. The STAR vertex
acceptance contains all collisions, with more restrictieetex selection for certain processes.
The overall factor for recorded/delivered luminosity faIENIX is 32%, and for STAR is 35%
(data with TPC) and 63% (fast detectors only). The physicsigeities shown in section 2 also
include apparatus acceptance and event selection acceptan

Another factor in calculating sensitivities is the ratiolofgitudinal to transverse spin run-
ning. STAR and PHENIX can choose this independently, andtbeal split will be decided at
the time. We have used 75% longitudinal and 25% transvers20@ GeV running, and 100%
longitudinal for 500 GeV runnning, for both experiments.

5.1 10 physics weeks

Table 6 shows the example spin plan for 10 physics weeks @y wath atechnically driven
schedule. The 200 GeV running continues through mid-200%, avtarget total of 275 pb
delivered. By the year 2009, the PHENIX muon triggering inveraents are complete, and the
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STAR forward tracking is partially in place, and completetfee 2010 run. The year 2009 is split
with both 200 GeV and 500 GeV running. By the completion of than2012, for 500 GeV, the
target luminosity of 980 pb' is delivered. Polarization is taken as 0.7 from 2006, foht2@0
GeV and 500 GeV running. These luminosities and polarinatprovide the physics sensitivities
presented in section 2.

Table 6:RHIC spin example schedule, 10 physics weeks per year, tadligrdriven. Luminosi-
ties are 0.7 times maximum.

Fiscal year Spin Weeks CME(GeV) P  L(ph Remarks
2002 5 200 0.15 0.5 First pol. pp collisions!
Transverse spin
2003 4 200 0.3 1.6 Spin rotators commissioned,
first helicity measurements
2004 3 200 0.4 3 New betatron tune developed,
first jet absolute meas. P
2005 10 200 0.5 14 App (70 jet),
also 500 GeV studies
2006 10 200 0.7 32 AGS Cold Snake commissioned,
NEG vacuum coating complete
2007 10 200 0.7 88
2008 10 200 0.7 106 Direet
2009 5 200 0.7 35 target complete for 200 GeV;,
5 500 0.7 180 PHENIX. trig.; W starts
2010 10 500 0.7 266 STAR forward tracker;
W physics
2011 10 500 0.7 266
2012 10 500 0.7 266 Completes 500 GeV target

5.2 5 physics weeks

Table 7 gives the example spin plan for 5 physics weeks pet wech we have interpreted to
mean 10 physics weeks each two years to reduce the end effeetprograms are stretched out
to over 6 years for the gluon polarization measurements@tz9/, and an additional 6 years or
more for the W physics program. The proposed measurementisllWwe completed in 2019 or
later.
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Table 7:RHIC spin example schedule, average 5 physics weeks per year.

Fiscal year Spin Weeks CME(GeV) P L(ph Remarks
2005 10 200 0.5 14 App (70, jet),
also 500 GeV studies

2006-2007 10 200 0.7 32 AGS Cold Snake commissioned,

NEG vacuum coating complete
2008-2009 10 200 0.7 88 Diregt
2010-11 10 200 0.7 106
20012-13 5 200 0.7 35 200 GeV target complete;

5 500 0.7 180 PHENIX. trig.
2014-2015 10 500 0.7 266 STAR forward tracker;
W physics

2016-2017 10 500 0.7 266
2018-2019 10 500 0.7 266 Completes 500 GeV target
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6 Summary

In this document we have described the RHIC spin research maponding to the request by
the Department of Energy Office of Nuclear Physics. We wegiaested to cover 1) the science,
2) the requirements for the accelerator, 3) the resouregsith 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 emaplasieasuring gluon polariza-
tion and anti-quark polarization in the proton. RHIC will pide the first sensitive measurements
of each. We believe this is an exciting program, which adsigshe structure of matter.

2) The accelerator requirements are presented in sectie &re well along in reaching the
polarization requirement of 70%, and anticipate reachugdoal in 2006, for 200 GeV running.
To reach this goal for 500 GeV running will require relevglithe machine, which is planned.
Reaching the luminosity goal will be challenging. We mustestd x 10! polarized protons
in 110 rf bunches in each RHIC ring and collide them. RHIC at ammihosity will operate
near or above previously achieved beam-beam parametersyikioe the first hadron collider
in the strong-strong beam-beam regime. For the physicstiséies presented, we have used a
luminosity of 0.7 times the calculated maximum.

3) The required experiment resources are presented imsektifhe PHENIX and STAR de-
tectors are complete for the gluon polarization programhBeted improvements to be ready for
the W physics program. These are described in the sectiara Bechnically driven” program,
where the improvements are funded and completed as proptbeeBHENIX detector will be
ready for W physics in 2009, and the STAR detector in 2010.

There are also important planned upgrades for the heavyndrspin programs that greatly
extend the range of spin physics, and these are also desamisection 4.

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

"l ask that you consider two RHIC Spin running scenarios: 1)pinsphysics data taking
weeks per year (averaged over two years using the combined ysaaconcept); 2) 10 spin
physics data taking weeks per year. These two scenarios Wl appropriate indications of
the physic goals that can be met over a period of years withuativing the Group in difficult
funding and cost scenarios that are not central to the calttah of physics accomplishments
over time.” (Appendix A)

The plan with 10 spin physics weeks per year, the techniahilyen plan, completes the
gluon polarization measurements and the W physics measuatery 2012.

The plan with 5 spin physics weeks per year completes thigramo in 2019 or later.
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7 Appendix: the charge from DOE

CHARGE

to the RHIC Spin Plan Group
T. Kirk, ALD-HENP
November 9, 2004

The RHIC Spin Plan Group is charged with creating a writteroreghat is responsive to the rec-
ommendation from the DOE S&T Review Committee in the Execuiuenmary section of the
"Department of Energy Office of Nuclear Physics Report on ttiel&e and Technology Review
of the Relativistic Heavy lon Collider (RHIC) at BNL - September 2004.” The recommenda-
tion made in that report was: "BNL should prepare a documeattdrticulates its research plan
for the RHIC spin physics program. A copy should be submitted®E by January 31, 2005.”
The text of the report goes on to identify appropriate olpjestthat the plan should encompass. |
accept these objectives and transmit them to the RHIC Spm®iaup here: "The plan should:
(1) explain what science can be done at RHIC in the context wentiand future capabilities
world-wide (i.e. what will be the important measurementbatwvill be their significance and
impact and will some of these be made elsewhere prior to RHEO), €2) explain what acceler-
ator and detector performances are needed to make the reesus (i.e. what beam energies,
intensities and polarizations, what detector capalslitec.), (3) identify the needed resources to
implement the research plan and subsequent timeline wetkignificant technical and scientific
milestones that will be achieved (assuming projected ingareents in luminosity and polariza-
tions, estimated time for developing the 500 GeV proton hesstimated times to implement
needed detector upgrades, what funding will be needed, atal (4) explain the impact of a
constant effort budget to the planned research program.”

In addition to these objectives, | wish to supply some pcattjuidelines to the Group on the
resource levels that should guide the outcome of the Plaacifsgally, | ask that you consider
two RHIC Spin running scenarios: 1) 5 spin physics data taiiegks per year (averaged over
two years using the combined fiscal year running concept)pZpin physics data taking weeks
per year. These two scenarios will give appropriate indoatof the physic goals that can be
met over a period of years without involving the Group in difft funding and cost scenarios
that are not central to the calculation of the physics acdisimpents over time. On the research
efforts side, you should assume "constant effort” which nsethat inflation is compensated for
the research budgets and staff is, therefore, not lost yepedr.

You will also need the accelerator performance estimategged by the accelerator physi-
cists in the Collider-Accelerator Department and this wdlfgrovided to you. A knowledgeable
member of the C-AD accelerator physics staff will be appalritethe RHIC Spin Plan Group to
facilitate this purpose.

Finally, you should use the 20 Year RHIC Plan and the RHIC Il pilag process to integrate
the spin parts of those activities with your report. The t®ntreport is due on January 31,
2005 for transmission to DOE Office of Nuclear Physics andukhbe reviewed by me prior to
transmission to DOE.
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