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Quantum Chromodynamics (QCD) is the present theory of the strong interaction
in the context of the Standard Modd. However many of the primary feetures of our
universe are not trividly derived from the form and symmetries of the Standard Modd.
Instead they result from the long distance behavior of Quantum Chromodynamics (QCD)
and the complex structure of the vacuum. While the short distance, high energy behavior
is reasonable well understood, one of the fundamenta tasks of modern Nuclear Physics
is the understanding of the long distance behavior. It isthislong distance behavior of
QCD which isrespongble for the confinement of quarksinto hadrons, the binding of
nucleons in the nucleus, the rdatively large mass of the hadrons as compared to the light
quarks, many of the properties of the hadrons such as its spin, and conditions in the early
universe about amicro-second after the Big Bang.

The vacuum, as described by Quantum Chromodynamics (QCD) consists of gluonic and
g gbar condensates which couple to hadronsin such away to produce masses near one
GeV even though bare quark masses are only afew MeV. The structure isaso
responsible for the confinement of chromo-eectromagnetic fidldswhich restricts dl
matter into coherent color singlets when viewed at a scale greater than 10 meters,
When temperatures exceed avaue near 170 MeV, the symmetries of the underlying
Standard Model are expected to be restored as the vacuum condensates melt. At these
temperatures matter should behave as a plasma of nearly massess quarks and gluons, a
date exigting in the first microseconds of the big bang.

Infact QCD predicts that a system of quarks and gluons will have arather complex phase
dructure, Smilar to that of many other bulk materials, such as ordinary water which
exhibits the well known phases of solid, liquid and gas with its accompanying phase
trangtions. This phase structure is shown in figure ?. The phase structure of the vacuum
date of QCD isdong the vertical axis. Two manifestations of the phase transtion are
thought to exist. Thefirg isthat of deconfinement, when the quarks and gluons become
free of the their bondage into protons and mesons, and able to roam over large distances
exhibiting. The second manifestation is that of chird symmetry restoration in which the
masses of the quarks are reduced to their bare quark values. It is unclear whether these
two phenomena happen under exactly the same conditions of pressure and temperature.

By colliding heavy ions a extreme energies, mesoscopic regions of sufficient



energy are created with conditions favorable for meting the norma vacuum and creeting
this nove date of maiter. With the unique ability to collide beams of ions from protons to
gold, and with center of mass energies from 20 to 100 GeV per nucleon, RHIC addresses
anumber of fundamenta questions:

What are the properties of matter at the highest energy densities? Isthe basic
idea that thisis best described using fundamental quarks and gluons correct?

Can we |ocate signatures of phase transitions occurring as the hot matter cools?
What signatures can be calculated with perturbative QCD? What is the origin of

confinement and chiral symmetry breaking?

What are the properties of QCD vacuum?

Asfar aswe know, before humans began heavy ion collison experiments the last
time a quark-gluon plasma existed was during the first ten microseconds of the history of
the universe. During this epoch, the entire universe was filled with a quark-gluon plaama,
which then cooled through the QCD phase trangition. If this trangtion were sufficiently
violently first order, the protons and neutrons left in its aftermath would be sufficiently
inhomogeneoudy didtributed that big bang nucleosynthesis, occurring afew minutes
later, would be adversdly affected. If RHIC is able to show that the cosmological phase
trangition was not first order, this would provide further support for the conventiona
picture of big bang nucleosythes's. We today are made of the now cold embers of the
cosmological QCD phase trandtion; at RHIC, by colliding the embers, we are seeking to
recreate the quark-gluon plasmalast seen when thefires of the big bang burned hot.

Cold quark matter (not a quark-gluon plasma), may aso exist in the centers of
neutron stars. In this very dense but very cold environment, if quark matter exigs it
displays many characteristics more familiar to a condensed matter physicist than to a
plasma physicist: Cooper pairs form, and the quark matter becomes a color
superconductor, characterized by Meissner effects and gaps at the quark Fermi surfaces.
As theorists advance our understanding of the properties of cold dense quark matter, we
can hopethat it will become possible to use astrophysical observations of neutron star
phenomenato learn whether or not they festure quark matter cores. Ultimately, we must
fit together the picture of cold dense quark matter gained from astrophysical observation
with the picture of hot quark-gluon plasma that we hope to gain from experiments a
RHIC into a coherent, unified phase diagram for QCD.

Figure f1.0 shows a hypothetical phase diagram of QCD, showing the region in the
density-temperature plane where a QGP is expected to form, and where cold high density
phase trangitions are expected to occur, aswell as regions of normal nucle.



The core heavy ion program a RHIC ushersin anew erafor studies of the most
basic interactions predicted by QCD in bulk nuclear matter at temperatures and dengties
great enough to excite the expected phase trangition to a quark-gluon plasma. Asthis
program matures, experiments at RHIC will provide a unique window for detailed studies
of the hot QCD vacuum, with opportunities for fundamenta advancesin the
understanding of quark confinement, chird symmetry bresking, and, very possibly, new
and unexpected phenomenain the relm nuclear matter at the highest density.

In concert with these studies, the RHIC spin program is expected to carry out
decisve measurements of the spin structure of the nucleon. In an experimenta program
that is completdy integrated and compatible with the heavy ion experiments, the
capability to study polarized proton collisons at collider energies will alow the proton
spin structure to be studied with perturbative QCD probes—alowing the collisonsto be
interpreted unambiguoudy as interactions of polarized quarks and gluons. Specificaly,
these studies should give direct measurements of the contribution of gluons and sea
quarks to the spin of the proton, results which are not accessible to deep inelagtic lepton
scattering experiments.

Achievements Sincethe Last L ong Range Plan

The US program in Relativigtic Heavy lon Physics has along higtory, sarting with
work at the Bevaac and continuing to the AGS, with alarge contingent of the US
community participating in the CERN program. A new frontier has now begun with the
initiation of the RHIC program giving us an increase in center of mass energy of dmost
an order of magnitude. It isimportant to understand that the fixed target at the AGS and
CERN on one hand, and collider experiments at RHIC and the LHC are studying rather
different regimes on the QCD phase diagram as shown infiguref1.0 The fixed target
experiments have sudied systems of high baryon densty; & CERN, somewhat |ower
baryon density but higher energy density was observed than at the AGS. In contrast,
heavy ion collisons a RHIC and the LHC take usinto the regime where the net baryon
dengty of the sysem isvery low. This Stuation of particular interest becauseit is,
essentidly, a high temperature vacuum.

In addition theoreticd caculations, both andytica and lattice gauge caculations have
improved — with new regimes of QCD — that of cold dense matter being explored. Lattice
caculaions have enabled theoreticians to caculate, with more certainty, the location of
the phase trangition.

AGS and CERN programs

QCD hasyielded its secrets up dowly. Even in the perturbative regime,
experimentd evidence for gluons was not immediately accepted by the physics
community. A number of expected sgnals of quark gluon plasma formation have been
observed in fixed target experiments at CERN (and some at the AGS), but the evidence is



not yet unambiguous. The most important of the results from CERN and the AGS are
reviewed here. It isimportant to note that there were no lepton measurements done a the
AGS. A more complete review can befoundin .... NRC review of Nuclear Physics...

Studies of particle abundances and spectra, as well as Bose-Eingein correations
(which give information about the space-time evolution of the collison) from the
AGS and CERN indicate that the system undergoes a state of rapid expanson and is
close to both chemicd and thermd equilibrium.(perhaps include a figure:
equilibriumt HBT+ flow with lots of explanation) Thermd equilibrium is thought to be
reached very rapidly, but standard hadronic cross sections have difficulty accounting for
the rapid rate a which this thermalization occurs. However, interaction cross sections
arisng from color among quarks are larger and could drive rgpid thermdization.

A date of free quarksis expected to show a strong enhancement of strangeness,
particularly of anti-strange particles, whose yield would ordinarily be kinematicaly
suppressed by their relatively large masses. Experiments a CERN, in particular WA97
see enhanced strange anti-baryon production, with increasing enhancement with eech
additiona unit of strangeness. (Figure ?) Experiments at the AGS, which have been able
to detect only the anti-lambda, see a very strong enhancement in the anti-lambda to anti-
proton ratio. Thusfar, standard hadronic models cannot reproduce these results.

In 1986, Matsui and Satz suggested charmonium as a probe of the hot medium
cregted in rddividtic heavy ion collisons. A colored medium (i.e. adeconfined one)
would break up a charm-anticharm quark pair created by hard nucleon-nucleon
scatterings, thereby causing the charmonium state to “melt”. The melting depends on the
energy densty of the medium and the species of charmonium being consdered, with the
lesstightly bound c andy * states breaking up a lower energy dendities than the Jy .
NAS0 observed just such an effect as shown in figure ?. (again a figure with lots of
explanation) Theoretica and experimental work was required to separate initid state
effects on charmonium formation, final state breakup by ordinary hadronic matter (as
observed in p-nucleus collisons, for example) and the medium effects of interest.

Jy suppresson sgnds deconfinement. Signatures that may be interpreted as
evidence of chird symmetry restoration were also seen. Figure ? shows the dilepton
spectrum measured by NA45 at CERN, together with the expected spectrum from
hadronic decays (again a figure with lots of explanation). The excess lepton pair yidd a
invariant masses between 200 and 800 MeV can be explained as a broadening and mass
shift of ther meson due to the onset of chird symmetry restoration. It isintriguing that
competing interpretations of the data as arising from thermd radiation are dso possble.

The fixed target experiments have certainly proven tha heavy ion collisons
creete high energy and baryon densities. The dengity of hadronsis so large, that there is
amply not enough room for them to co-exist as a superposition of vacuum state hadrons.
The observed sSgnatures are not readily explainable by standard hadronic models. Itis
a0 clear that agreat ded remainsto be done in the CERN/AGS energy regime. A new
experiment NAGI is now under congtruction at CERN to measure the charm production
Cross section, necessary to resolve questions in interpretation of the dilepton results.



Other laboratoriesin Japan and Germany are contemplating congtruction of to further
these sudies. Systematic understanding of the sgndls, by varying the beam energy for
example, were hampered by the fact reativistic heavy ion work at both CERN and the
AGS shared running time with other programs. One of the critica lessons for the
Rdativisic Heavy lon community in the USis that a commitment to athorough study
using a dedicated machine isimperdive. Systematic measurements of multiple signatures
in p-p, p-nudeus and nudeus-nucleus collisonsis a prerequisite to a clear and
unambiguous physics conclusion.

First glimpses from the initial run of RHIC

(This section assumes that the LRP will come out in Oct in the middle of the run)

The Rddivigic Heavy Ion Collider, RHIC, which began construction in 1991,
was completed and commissioned in the summer of 2000. The firg data taking run lasted
for 3 months, during which the machine reached 10% of its design luminosity a 130
GeV/nucleon center of mass energy in Au-Au collisons. A successful commissoning of
polarized protons was aso done with protonsin one ring of RHIC. Firgt data taking with
polarized proton collisons will begin during in 2001. A second run of the collider started
in June of 2001 and will complete in early 2002. The machine has now reached designed
luminosity of 2x10°° cmi®s® at an energy of 200 GeV/nucleon in the center of mass for
Auions. Thefirg of the polarized proton runs will take place during this run.

The detectors which were only partialy instrumented for the first run are now
subgtantialy complete. Both STAR and PHENIX have a continua set of upgrades
extending their capabilities. PHENIX will be adding a second muon arm and STAR will
be completing their eectromagnetic calorimeters and adding TPC' s at large rapidity. All
were equipped with identical zero-degree caorimeters for to determine the impact
parameter, or centrdity, of the collison and dlow sdection of identica classes of events
in dl four detectors. The detectors are shown in figure ??.

The following will become figure captions.

STAR isalarge acceptance detector built around a central Time Projection
Chamber (TPC) in asolenoidd magnetic field. Indde the TPC isasilicon vertex tracker
(SVT) for detecting secondary vertices. An dectromagnetic caorimeter (EMC) and
forward TPC's are being indaled in the next few years. A small acceptance RICH
detector for high momentum particle ID will be replaced in the next severd yearsby a
TOF system.

The PHENIX detector is composed of 4 spectrometers optimized for detecting
and identifying eectrons, muons, photons and hadronsin alimited pseudorapidity range.
Multiple detector subsystems are used in the two centrd arms, yielding good momentum



resolution and particle identification. Of particular note is redundancy in eectron
identification capabilities, giving atotd efp rgiection of better than 10, Excellent hadron
identification via Time Of Hight (TOF) is available over asmdl angular range. Muons

are detected in two arms covering forward and backward rapidities, where the muons
have akinematic boost enabling them to be separated from the copious hadrons produced
inthe callisons.

PHOBOS, one of the two smaller detectors, is primarily composed of silicon and
is optimized for low-pt measurements.

BRAHMS specidizes in measuring the fragmentation region of the collisons.

In the 2000 run, about 10M events were collected between the 4 detectors, alowing for a
good start on the physics program. About 2 orders of magnitude more events are
expected in 2001.Andysis of the data has taken place in amost timely fashion, and we
have dready learned amany new things about the collisons.

The first measurement made by both PHOBOS and PHENIX is the particle multiplicity,
which indicates that the yield per participating beam nucleon is higher by about 70% than
at CERN. Theyidd per participant increases with centraity (PHENIX). A measurement
of the transverse energy didtribution by the PHENIX collaboration showsasmilar
behavior. Depending on the thermdization time, the dataimply thet the energy dengty is
consderably higher & RHIC than at CERN. STAR has made measured the azimuthally
asymmetric (known as dliptic) collective flow of particlesin peripheral and semi-central
collisons, and found it to be rather large; v2 ~ 6%. Thisisinterpreted to indicate ahigh
degree of thermdization, taking place early in the collison and building up pressure
while the colliding sysem asymmetry aong the impact parameter direction is present.
STAR has a'so made an initid measurement of Bose-Eingein corrdations, yidding sze
parameters of gpproximately 6 fm, smilar to that measured at CERN. Measurements
from al four collaborations indicate that the pbar/p ratio at midrapidity & RHIC in
collisonsat i =130 GeV is 0.6, in contrast to the SPS where it is 0.07 leading indicating
that the RHIC experiments are in aregion which is substantialy more baryon free than at
CERN, that isthe RHIC experiments are in aregion approaching the left hand axisin
figure f1.0.

One of the mogt intriguing results come from a measurement of the neutra pion
pt spectrum. High pt particles are expected to be leading particles from quark and gluon
jet fragmentation. A fast moving colored parton (quark of gluon) is an idedl probe of hot
nuclear matter. In normal nuclear matter, a quark would experience only asmall amount
of energy loss, hence ajet would essentidly carry the energy imparted to the origina
struck parton. In aquark gluon plasma, the deconfined color fields would dow the quark
down considerably ~ energy losses can be as much as 10 GeV/fm. High pt particles
would be strongly suppressed in nucleus — nucleus collisons in which a QGP were
formed in comparison to a pp collisons. Figure 2.0 shows arétio between pi0’'s measured
in centrd Au-Au callisonsin PHENIX and piO'sin pp collisons scaed by the number of
binary callisons. Theratio is Sgnificantly less than one. The usua nuclear “Cronin”



effect is expected to enhance thisratio above one. Whether thisisa definitive sgnd of a
QGPisyet to be determined. Future datawill give more statistics and higher pt, as well
as proton nucleus data for comparison.

Interpretation of these facts in terms of the temperature, entropy production, and
ultimately on the existence of a phase trangtion will take some time. Early results on
charmonium suppression, dilepton spectra, and multi- strange anti- baryons will require
data to be taken during the 2001-2002 year.

Scientific Opportunities

TheFirst 5years

The Rdativigic Heavy lon Callider has just begun its task of uncovering the
secrets of QCD. Detectors have been completed only recently, and the second run is
about to begin. The next five years should yield awedth of new information. In order to
redize this promiseit is criticd that the highest priority isto run RHIC at the full 37
weeks per year. Sufficient running timeis required to realize the physics promise of
RHIC and reap the rewards of our investment in RHIC's construction. Certain short term
upgrades will be necessary aswell as R and D for major upgrades to the machine
luminosity and to the detectors.

(note— 1 put this suff in here as ademand in addition to the suff in the basic priorities
which says we need to use facilities wisdy. Isthis the right thing to do?)

37 weeks per year of RHIC operation isimperative over the next 5 years. This
will dlow collection of alarge set of both heavy and light ion collisons for accurate
measurement of low crass section phenomena, such as multi- strange baryon spectra,

Jy , and jet production and suppression. Establishing the existence of a phase transition
from hadrons to a deconfined plasma requires systematic scansin collison energy and
beam partidle to vary theinitid temperature and system size. For each beam combination
and energy a high quaity measurement of the potentia plasma signatures must be made,
necessitating 5-10 weeks of running for each case. RHIC must measure those probes of
the hot medium which have produced the intriguing yet inconclusive results a CERN;
many of these have small production cross sections, eg. Jy and jets, so long runswill be
required.

Unambiguous establishment of new physics dso will rdy upon * control”
measurements of the same observables in eementary nucleon-nucleon collisonsand in
cold nuclear matter, studied via protorn+nucleus collisons, a the same energy in the same
detectors. High qudity measurement of spin observables, such as DG, the fraction of the
nucleon’s spin carried by the gluons, requires polarized proton-proton collisons
for at least 10 weeks per year over multiple years. Smilar requirements on p-p and p-A
running follow from the requirement that the measurements of rare processes in these
reactions be of sufficient statistical accuracy to serve as comparison data sets for the



heavy ion program. In addition to the dl-important systematic comparison for nucleus-
nucleus collisons, proton-nucleus sudies will provide critica information on the parton
digribution functionsin nuclel, which determine the initia conditions achievable at
RHIC.

Lastly, machine development time is needed to reach the design luminosity and
energy, establish running conditions with different beam combinations, collide polarized
protons, and commission protortnucleus collisons. Adding this to the various runs
described above indicates that 37 weeks per year of RHIC operations over the coming 5
years will be just adequate for achieving the basic physics for which RHIC was built.

Given enough running time, the experiments will seek to answer pecific questions
which lead to the answers of the more generd questions listed above.

1. What are the gross properties of dense QCD matter? Isthe idea that thisis best
described using fundamental quarks and gluons correct?

Experiments probe these questions via measurement of hadrons - single particle
digtributions and correlations among particles, and by detecting penetrating probes, which
interact only eectromagnetically and therefore escape the dense system relatively
unperturbed. Two- particle and multi-particle correlations reflect the dynamics of the
dense matter, driven by pressure and density developed early in the collision.

Hard scattering processes take place in those collisions between quarks or gluons
(partons) in the initid state, before any thermalization can take place or quark-gluon
plasma can be formed. In vacuum, hard scatterings produce either jets of particles with
high transverse momenta or heavy quarks like charm or bottom, of which asmadl fraction
materidize in bound c-cbar or b-bar sates. Sincetheinitidly scattered partons must
traverse the full space-time evolution of the reaction, they can serve as probes of the
dense QCD matter. In particular, their energy asthey traverse the dense matter yields
information about the medium. As jet production can be caculated quantitetively with
perturbative QCD, the observed abundance and properties of high- p; hadrons and heavy
flavors will reflect the dense matter they encounter.

It would be of great interest to determine the equation of state of the hot vacuum
experimentdly. Lattice gauge theory predicts nearly zero compressibility for an extended
range of energy densties as matter is converted into the new phase, whereas once fully
converted into the new phase the compressibility should jump to the plasma vaue of 1/3.
A latent heat is expected to accompany this trangtion and has significant astrophysica
implications. It is an important goa of the next few years to establish a better connection
between modeling of the collisons and the measurements.

Measurement of collective dynamics viamulti- particle correlations, such as used
in flow analyses, can yield information on the pressure achieved and thereby the



compressibility. Thermd radiation of photons or dileptons reflects the temperature
hisory of the system.

2. Does the matter approach thermal equilibrium? Which partons thermalize and
which do not? If thermalization is achieved, what is theinitial temperature?

Red photons and virtuad photons materidizing as electron or muon pairs are
radiated from the hot, dense QCD matter. While such radiation is emitted at al times
during the callison, the reaction dynamics favors emission from the hottest part of the
calliding system. Thus, measurement of the digtribution of therma radiation will yield
theinitid temperature. Such measurements require high statistics to separate the therma
radiation from large photon and lepton backgrounds arising from decays of the copioudy
produced hadrons. Systematic analysis, and variation of the initid conditionswill be
required to nail down the interpretation.

Measurement of the hard scattering processes via high p; hadrons and heavy
flavor distributions will indicate to what extent the fast particleslose energy in the dense
medium. This energy loss results in energy transfer from fast particles to the medium and
drives thermalization. Furthermore, this energy transfer multiplies the number of gluons
and therefore drives particle production, increasing the dengity of the medium further. In
fact, predictions exigt that the matter may reach the stage of gluon saturation —in such a
case the physicsis determined by interactionsin a dense gluon gas, calculable using
perturbative QCD, with subsequent hydrodynamic expansion. Measured particle yields,
gpectra and correlations to transverse momenta of at least 10 GeV/c p, are needed to see
whether such predictions are correct. Presumably, particles with extremely high momenta
will never thermdize, providing a built-in control measurement; the hadron p; spectra and
correlations among fast hadrons will indicate at which point this becomes true.

Momentum and flavor digtributions of the hadrons provide information on the
degree of therma and chemical equilibration when the colliding system becomes dilute
enough that hadronic strong interactions cease. Combined with information from the
medium probes and therma radiation, the space-time evolution of the entire collision can
be inferred. An important goa a RHIC is to determine whether equilibration occurs early
in the collison, or only later, in the cooler hadronic phase. Combining hadronic
observables with collective behavior reflecting early conditions, and therma emission of
virtual and rea photons will become possible with the suite of experiments at RHIC.

3. How does the later, hadronic phase of the collision evolve? Can we accomplish
a reconstruction of the reactions overall evolution through spectra and
correlations?

Extengve study of heavy ion collisons a lower energy a the BNL AGS and
CERN SPS have shown that the analysis of the distributions and corrdlations of soft
hadrons yields the temperature and dynamics at the time the hadrons cease to interact, or
“freeze out”. The space-time evolution thus measured is crucid to understanding the
callison dynamics and to lending confidence in back-extrapolations to the early, hottest,



phase of the collison. Systematic study of the conditions under which the hadrons freeze
out, as afunction of initid temperature and collison volume, will help to understand the
underlying dynamics and sort out Sgnatures of new physics from the underlying hadronic
Processes.

4. Which signatures might indicate the new physics? Can evidence be found for
the restoration of chiral symmetry?

Chira symmetry is broken through the creation of avacuum scaar condensate
which couples to baryons and provides most of the mass for hadrons. The challenge for
RHIC measurementsis to search for evidence of in-medium mass changes of the hadrons,
asociated with the retoration of chird symmetry. Hints of this have been observed at
the SPS, but a systematic sudy varying the initid conditions and system volumes has not
yet been possible.

The presence of a phase transtion from quark-gluon to hadronic matter asthe
system created in a RHIC collison cools is expected to cause fluctuations, which may
perhaps survive the hadronic phase as fluctuations in particle number and type. A variety
of fluctuations have been proposed to result from the trangtion. If the trangtionisfirg
order, the growth of hadronic droplets and the shrinking of quark-gluon droplets may
yield alumpy find state and consequent large fluctuations in particle number asa
function of rgpidity. If the trangtion is a smooth but sufficiently rapid crossover, domains
of misdigned chira condensate may be excited. If the trangition occurs near acritical
point separating first order behavior from crossover behavior, long waveength
fluctuations imprint unique signatures via fluctuations of the momenta of soft pions.
Experiments should search for such fluctuations, and correlate their gppearance with
other quark-gluon plasma signatures.

Other promigng sgnaturesinclude Jy suppression, strangeness enhancement
particularly of hadrons carrying multiple strange quarks, al which have shown intriguing
hints, consstent with quark gluon plasma formation at the CERN SPS. It is crucid to
cross correl ate the conditions under which the signal's appear in order to rule out proposed
hadronic explanations and prove that new physicsisthe ONLY congstent explanation.
This necessitates experiments measuring multiple sgnatures, sufficient satistics and
good systematic understanding of even the rarest ones, and good cross checking of event
classes across different experiments.

It isdear that many of the important measurements in the initid RHIC runs
involve high transverse momentum and heavy quark production, both of which have
small cross sections. Such processes require long running periods and high trigger
efficiencies and data rates. High Statistics are needed for hadron measurements,
especidly for corrdations studies and event-by-event analysisto isolate specid classes of
calligons. Thelow cross sections for high p , multi-strange, and heavy particles require
runs of at least 5-10 weeks duration for each of severd different running conditions
(beam energy and beam species).

10



All of the gatistical QCD observables, dong with those which can reflect new
physics, such as Jy suppresson and jet quenching, must be studied as a function of the
initia conditions. This requires running RHIC at different energies of the beamsto vary
theinitid temperature, and with different nucle to vary the volume of dense matter.

Given the expected RHIC luminosity, known production cross sections, and data rates
achievable by the experiments, ascan in ether energy or beam species can be achieved in
one 37 week running period.

Not much data on dementary nucleon-nucleon collisons, nor on proton-nudeus
calligonsisavailable a RHIC energies. Such data are absolutely crucid as abasdineto
interpretation of nucleus-nucleus data. Furthermore, the exciting physics available with
polarized protons and probing parton distributions via p-nucleus collisons further drive
the need to exploit this aspect of RHIC' s cgpability. As these programs rely heavily upon
the same kind of hard processes used to probe the dense matter in heavy ion collisons,
the running time requirements are roughly comparable.

Opportunities— Years 5-10

The discovery of the Quark Gluon Plasmawould only be the opening chapter in the Story.
Theorigts have dready conjectured. Many advances must be made both theoretically and
experimentdly in order to exhaust the complexities of this system. Improvements will be
required in experiments, with perhgps new experiments coming online, and the machine,
Large new computers will be needed for future lattice gauge caculations as well as other
computer intensive tasks. In addition, the CERN heavy ion program will be starting at
the LHC in 2007?. It will be awise to make a modest investment of manpower and money
so that some US participation can be possible.

For the second five year period, we must implement significant upgrades of the collider
and experiments. Such an upgrade programto increase luminosity and add

new capabilities to the experiments will allow in-depth pursuit of the most promising
observables characterizing the deconfined state. Following the results of the R&D, a
detailed plan and schedule can be made. A gradual start of construction funding would
be anticipated around 2004/5. In the mean time R& D must begin to develop the
technology for these upgrades

A grong physics case for the detector enhancements can be made now and is
detailed below. The origina suite of detectors omitted some much needed capabilities
due to limitations on the technology available at the time of their design. It has Since
become clear how to achieve these capabilitiesin the real conditions at RHIC. Moderate
scale upgrades to the large detectors and/or new or reconfigured small experiments would
provide the following enhanced capatiilities:

high gatigtics measurement of DG (aided by large coverage caorimetry to
alow recongtruction of parton kinematics)

11



processes in heavy ion collisons which are caculable by perturbative QCD
(pr > 10 GeV/c hadron and electron production)

direct measurement of the gluon content in the hot, dense medium (via heavy
mesons formed by gluon fusion)

severd kinds of control measurements to understand Jy suppression
(observation of the smadl b-bar bound state, U(1S), measurement of open
charm digtributions, and increased overlgp in observations by the various
experiments)

Scientific Questions and opportunitiesin the subsequent 5 years

5. What are the best probes of dense QCD matter? What measurements constrain
-quantitatively- the theoretical understanding of the properties of this matter?

It is sdf-evident that results from the initid RHIC running are crucid to
answering this question. Andysis of the systematic scans across proposed plasma
ggnatures, initial temperature and volume, as well as comparison to nucleon-nucleon and
proton-nucleus data is absolutely necessary to pinpoint which probes are most sengtive.
After the next year or two of RHIC running, we will be able to focus better among the
various proposed medium probes.

6. What is the gluon field inside a heavy nucleus?
6b) what are the implications for formation of new physics probes?
6¢) what are the implications for physics of hot, dense matter?

Gluonic interactions may be expected to dominate the first few frm/c of the
collisons, immediately following the initid nudeon-nucleon interactions as the nuclel
penetrate one another. Gluon fusion processes dominate the production of charm and
bottom quarks, as well as drive W production at energies attainable at RHIC.
Consequently, measurements of open charm and bottom decays will likely be the most
important ways to sudy the gluon fidlds insde heavy nucle and their excitationsin
heavy ion collisons. The Drdl-Y an process of quark-antiquark annihilation probesthe
quark structure functions. Achieving adequate luminosity and detector acceptance to
measure this at RHIC will be an invauable tool to sudy the evolution of the quark
gructure functions to smal-x insde heavy nude (measurements of p-nucleus collisons
will yield thisinformation) and as the parton distributions evolve during a heavy ion
collison.

7. Isshadowing a small Q2 phenomenon? Do gluons and quark densities
saturate?



The nuclear shadowing will be measured directly via Drell-Y an and other hard
processes in proton-nucleus callisons. Experiments must measure, with sufficient
gdtidtics, the dimuon distributions at high mass and hadron specira at high pt (at or above
10 GeV/c) to determine the extent of shadowing in kinematic regions bleat RHIC.
The answers feed back, of course, into understanding the initid conditions in nucleus-
nucleus collisons. However, they dso probe the gluon field properties directly. If the
gluon and quark dengties can saturate, thiswill affect the gluon digtribution deep insgde a
heavy nucleus as wdl as the dynamics of the early stage of aheavy ion collison.

These questions can be addressed by measuring theintrinsic k; via hard probes,
and observing how this depends on x as well as varies with volume of the dense matter
produced in heavy ion collisons. Such measurements will require increased luminosty of
RHIC for sufficient yieds. They will dso require upgrades of the detectors for efficient
reconstruction of the hard probes.

Specific Upgrade Plans

STAR

If new states of matter are indeed demonstrated, then the properties of the new
gate(s) of matter must be established followed by an understianding of the resultant new
physics. Thisisthe god of the second five years (2006 — 2010) of RHIC experiments.
Characterization of the properties of the new state(s) of matter will require more detailed
correlations between various observables and will evolve to include rare probesin STAR.
It will be imperative to be able to sudy processes with even lower cross sections, such as
those a high mass or extremdy high p;. This characterization of the properties of the new
date(s) of matter will go beyond theinitid correlations between observablesin the soft
physics rem, to an increasing dependence on hard scattering and measurements of high
p: particles, jets, direct photons, di-jets, photon-jet correlations, particle-jet correlations,
and particle-photon correaions. These will extend our understanding well into the
perturbative QCD regime and dlow a comprehensive understanding of parton energy loss
in the medium and will provide scaing comparisonsin various sysems. This phase will
adso involve an understanding of the initia conditions of the collisonsin greeter detall, at
higher Q? and lower x, by measurement of the nuclear structure functions and nuclear
shadowing for different initial nuclear systems. More detailed sudiesof Jy ® et+e- and
f ® et+e- decays will dlow STAR to study charmonium suppression and possible effects
of medium modification of resonances as afunction of the energy density and system
gze

These physcs gods will require a luminogty upgrade for RHIC and a mgor
upgrade to STAR (near the beginning of the second phase in 2006 - 2007). An R&D
program during the early phase of RHIC is crucid in order to design, test and prototype
new detectors for the upgrade and the future. The additiond physics gods will dso
require upgrading of the RHIC Computing Facility to be able to keep up with the data

bandwidths, reconstruction, and analysis of data.
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The mgor upgrade to STAR will require replacement of the time projection
chamber (TPC) with afast tracking detector with particle identification. Detailed Study is
gtill needed for the design of this new system. Extended coverage in the forward direction
is aso anticipated. However, sgnificant R&D is till needed to decide upon a design of
the upgrade system.

PHENIX

The PHENIX experiment will build upon its basdine capabilities to address
important scientific questions beyond the reach of the current detector. The three broad
areas of study in PHENIX (heavy ions, spin, and proton-nucleus collisons) impose rather
amilar requirements onthe new detector eements. PHENIX has designed a mutualy
compatible set of upgrades that exploit as far as possble the robust features of the current
detector.

For the heavy ion program, exciting opportunities include the following:
measurement of the lepton pair continuum below and above the phi (aregion which
should be very sengtive to therma radiation, but which suffers from large
backgrounds due to conversions and hadronic Dditz decays),
charm and bottom production,
the continuum region popuated by Drell-Y an processes (well abovethe Jy mass),
production of upsilon and its excited Sates.
furthermore, PHENIX can measure directly the QCD energy loss, in particular via jet-
photon angular coincidences.

The CERN SPS has produced extremely interesting data on excess pair
continuum radiation. While this data has stimulated more than 100 theoretica papersthe
origin of thisradiaion isnot yet clarified. At low masses the excess might indicate
medium modifications of hadrons due to partiad restoration of chird symmetry in dense
matter. A solid measurement of the continuum at RHIC requires sufficient rejection of
the overwheming combinatorid pair background from Dalitz- decays and photon
conversions.

In recent years interest has focused increasingly upon open heavy flavor
production in heavy ion physics. Charm and bottom quarks are idedl to probe the flavor
dependence of QCD energy loss. In a quark-gluon plasma, charm and bottom may be
produced thermdly, and firgt hints of therma c-quark production might be visble at
RHIC. In addition, open charm is the best reference for charmonium production, and
once both charm and bottom production are established, Drell-Y an pair production will
be accessble at RHIC in heavy ion collisons. The PHENIX baseline detector can tag
charm and bottom by high momentum single eectrons or muons and any par
combination thereof, and these measurements will yield initia charm production cross
sections. However, distinguishing charm thermd leptons could well remain inconclusive.
Precison vertex tracking and e ectron identification to10 GeV/c is needed to provide
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precision charm and bottom reconstruction. These measurements will dso drive upgrades
in RHIC luminosity and experiment deta rates.

Color screening effects associated with QGP production should be tested with U
production. The U(1S) is consderably smaler than the Jy and should not be affected by
the color screening at anticipated RHIC energy densities. The U(2S) size is between that
of theJy and upsilon 1S, Separating the U(1S) from the (2S) requires an invariant mass
resolution better than 100 MeV (about 1%) and dectron ID at p > 5GeV/c. Again,
sgnificant upgrades in luminosity will o be needed; 36 weeks of Au-Au datataking at
510%" cm? st will yield asample of approximately 5000 U® €'e’.

Extending initid information on QCD energy loss in dense matter will require
detailed measurements of angular correations of high p particle production, in particular
jet-photon correlations to study momentum, flavor, and path-length dependence of the
energy loss. In addition, comparison with p-p and p-A datawill be essentid.

The spin program with the PHENIX baseline detectors covers a broad range of
physics but with limited kinematica coverage. The importance of kinematic coverage can
beillugtrated by recdling for example that the spin crisis of the nucleon was found
samply by extending the kinematical coverage of the origind EMC measurement. For
PHENIX, the plan is to extend the coveragein x and @° to sufficiently constrain the
parton digtribution functionsby agloba andyss of dl available data sets. The firgt
moment of these parton digtributions is of specia importance since it directly addresses
what fraction of the proton spin is carried by gluons viathe proton spin sum rule. The
future program aims to extend the kinematic range and measure:

W boson production
heavy flavor production

j€t production

gluon digtribution function
transversty

spin effects in fragmentation

| solation cuts on leptons enhance the capability to observe W boson production.
Such isolation cuts can be redlized for centra rapidities by additiona tracking with larger
acceptance over the full azimuth and Dh = £ 1, while for more forward rapidities
additiond caorimetery could serve the same purpose.

In the basdline program heavy quark production istagged by single leptons. To
reduce the background high pt cuts have to be applied which reduce Satistics and
kinematic coverage. Precision inner tracking will alow recovering efficiency at lower
lepton momenta by a cut on displaced vertices, thus extending the kinemétic coverage.
Extending the acceptance of tracking and momentum measurement will dlow
recongtructing jets thus opening additiond high statigtics channels for spin physics.
Coincidences of jets with photons give access to the gluon digtribution function.
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The enhanced capabiilities to detect hadrons will aso extend the kinematic range to
measure transverdty and spin effects in the fragmentation.

The proton-Nucleus physics program is complementary to both the heavy ion and
spin physics programs. The basic questions asked are very smilar to those asked in both
fidds and thus p-A physics provides a naturd link between both fields aswell as
invauable data for comparison to heavy ion results. Topics which will be addressed by
PHENIX include:

quark and gluon contentsin nuclel

parton dengty a small x

propagation of partons propagate through nuclei
hard diffractive processes

Standard tools to address these issues are dileptons from the Drdll-Y an process, prompt
photons, photorntjet and jet-jet coincidences, as well as heavy quark production. Thus the
detector required to extend the heavy ion physics program and the PHENIX study of the
spin structure of the nucleon is dso idedly suited for proton-nucleus physics. However,
to exploit fully RHIC' s unique opportunities to study hard diffractive processes requires
additional equipment to tag forward- going baryons. Furthermore, extending the dimuon
acceptance to forward angles is desired to enlarge the x» coverage below 10°°.

The proposed concept for a PHENIX upgrade explaits, as far as possible, the
exiding detectors, and is optimized for dl three areas of physics study: heavy ions, pin,
and p-nucleus. The essentid new hardware components are precison 2p vertex tracking,
enhanced eectron identification and photon measurements, a second coil for the centra
magnets, aswell as asgnificant improvement of DAQ rate and trigger cgpabilities.
Presently two technical options for the vertex tracking system are under investigetion,
further smulations, aswell as R& D will be necessary to reach the leve of a conceptud
design report.

Thefirg option involves two layers of off-the-shdf slicon pixel detectors
mounted within 6 cm from the beam axis to detect secondary decay vertices with a
resolution of better than 40 mm. Two layers of micro-pad chambers would complete the
inner tracking. Each micro-pad chamber [ayer would measure 2 independent points
resulting in an resolution of 500 mm. With the inner chamber a 30 cm radius, momentum
measurement can be provided over Dh = + 1. Thisinner tracking systems would be
supplemented by hadron-blind detectors (HBD) congsting of proximity focusng He
Cherenkov counters to identify low momentum eectrons and alow rgection of Dditz
pairs. Low momentum electron identification could only be provided in afied
configuration with zero field around the beam axis, requiring construction of the second
coil foreseen in the PHENIX central magnet design. Segmentation of the HBD in radid
direction would alow using these detectors dso for eectron identification above 5 GeV/c
inthe high field configuration.
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The second option has two silicon pixel detector layers, identica to the above,
followed by atime projection chamber in the radid range 20cm - 60cm and covering
+30cm in longitudind direction. Combined with the silicon tracking this device would
give the necessary rapidity coverage of Dh=+ 1 for soin physcs. Segmentation of the
readout in radid direction could yield sufficient eectron identification at low momenta
(<500 MeV/c) for the Dditz rgection. Though TPC's are now very well-established, this
new device would need to operate at high rates and large charge densities. Consderable
R& D would be required to evaluate the feasibility of the gpproach.

The proton-Nucleus program will require additiona detectors at forward angles,
namely “Roman Pot” detectors for baryon tagging and a forward muon spectrometer.
These detectors are modest in scope and cost compared to the central vertex tracking
system.

To address the rare Sgnds and high pr physics higher luminosties will be needed
from RHIC, dong with sgnificant modifications or extensons of DAQ and trigger.
Clearly, the capabilities of the RCF will need to grow aswdll, to handle the higher rate of
datato store and andyze.

The RHIC Accelerator Complex

The RHIC lattice dlows for smultaneous operation at Six different interaction regions,
each with adesign luminosity of 2 x 10°° cmi? s for gold beams. It is expected that this
design luminosity will be reached during the FY 2001 heavy ion run

A mgor upgrade of the luminosity will require cooling of the gold beams a 100
GeV/nucleon, requiring an eectron beam energy of about 50 MeV and an average beam
current of about 10 mA. The dectron accelerator would be a superconducting, energy-
recuperating linac very smilar to an existing linac operating for a free eectron laser at
TINAF. With dectron cooling the beam emittance can be reduced and maintained
throughout the store and the luminosity increased until norlinear effects of the two
colliding beams on each other limit any further increase (beam-beam limit). A feeshility
study for a RHIC electron cooler has been started in collaboration with the Budker
Ingtitute of Nuclear Physics (Russia). R& D to improve high brightness dectron guns and
energy-recuperating linacs could start soon. Increasing the mass of the heavy ion beam
from gold to uranium ions & smilar bunch intensitieswill be possible usng the Electron
Beam lon Source (EBIS) which is presently in development. These upgrades would give
atotd increasein luminosty of about 40 over design.

The RHIC spin physics program uses the unique capability of RHIC to accelerate
and collide polarized proton beams at a center-of-mass energy of up to 500 GeV and a
luminosity of up to 2 x 10°% cm? s*. Explaitation of the physics potentia of this
cgpability will begin during the next two years, and luminosity upgrades can sgnificantly
extend the physics reach of this program. Anincrease in luminosity of afactor of 20 over
design and an energy increase to 650 GeV in the center of massis envisoned.
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Heavyionsin the LHC, and U.S. participation in the program

Hope Wit will put something in here.

Theoretical challenges

While the generd structure of QCD is now firmly established, its properties have
not yet been fully understood. The following fundamenta problems are Htill unsolved,
and are at the forefront of modern theoretica physics.

1. Confinement

The fundamenta degrees of freedom in QCD are quarks and gluons. However,
free quarks and gluons have never been observed, and the physica spectrum of particles
containsonly "hadrons’ -- color singlet bound states of quarks, antiquarks, and gluons.
This property of QCD has been named " confinement"; the origin of this phenomenon is
linked to the properties of the vacuum. Heavy ion collisions cregte a hot and dense
environment in which the vacuum dructure can "melt”, leading to nove forms of QCD
meatter where quarks and gluons are no longer confined. Thiskind of behavior has been
confirmed by numerica caculations on the space-time lattice.

Further progressin the theory isimperative, and includes both new anaytical
methods and large--scae numerica simulations on the lattice. New lattice methods and
more powerful computers would enable a breskthrough in the understanding of
confinement. To investigate the consequences of deconfinement phase trangtions
for the experimenta observablesin heavy ion collisons, we will need the development of
QCD based event generators and the facilities for large scae numericd smulations.

2. Chird symmetry bresking

Chird symmetry is the symmetry between "left" and "right”. It is known to be
violated in the Universe; the living organisms, including the humans, are not symmetric
under the transformation of |€ft to right. The phenomenon of chird symmetry bresking
occurs dso a the most fundamentd leve of quarks and gluons. The bulk of matter in
the Universe, including oursdves, is made of dmost massess "up” and "down" quarks.
For the case of masdess quarks, QCD equations of motion possess chiral symmetry.
However, it is not present in the physical spectrum of hadrons, and so has to be
spontaneoudy broken in the vacuum. The theory of this phenomenon is under active
development. In hot and dense matter produced in rdativistic heavy ion collisons, the
chird symmetry can be restored, equating the "left" and "right”.

Further theoretical progressis needed to understand the microscopic origin of

chird symmetry bresking and the mechanism of its restoration. It will include
development of new andytica tools, and further progressin lattice calculations. In order
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to investigate chird symmetry on the lattice, one has to be able to perform caculations
with redigtically smal masses of quarks. This places severe congraints on the sze of the
|lattice, and requires new methods (e.g., "domain wall fermions’), and new and more
powerful computers.

3. The origin of mass

A related problem is how to reconcile the tiny masses of up and down quarks
with the large masses of their bound states: for the proton, which in the quark modd isa
state of two up and one down quarks, the mass of the bound state exceeds the total mass
of its condtituents by a huge factor of about 50! The size of the proton aso presentsa
problem, since the Lagrangian of QCD on the classicd leve isinvariant under the
transformations of scale. Mogt likely, the origin of the hadron massesis again linked to
the vacuum structure. The study of modifications of hadron masses and Szes a high
densties and temperatures would alow to shed light on this fundamenta problem.

The progress here depends on the understanding of confinement and chiral symmetry
breeking, and will require smilar effort and tools.

4. The properties of matter at the highest dendities

Rdativigtic heavy ion collisons produce métter at the highest densities achievable
in the laboratory. Understanding the bulk properties of this matter is of great importance
for the theory of strong interactions and for the physics of the Early Universe.

Theoretica progressin this direction again requires both andytica efforts and the
lattice smulations. At present, reliable anaytical tools for the temperatures and dengties
attainable at RHIC do not exi; this is because perturbative expansion for the bulk
characteristics of matter, such asthe energy dengity and pressure, is badly divergent for
moderate temperatures and baryon number densities. The development of new theoretica
toolsis clearly needed.

There has been impressive recent progressin the understanding of phenomena
occurring at large baryon densgity, such as color super-conductivity. However the lattice
caculations at present can only be performed at zero net baryon density, hindering
theoretical progress. New theoretica tools and large scale computing facilities are needed
for abreakthrough. To aid interpretation, and help extract information about the
properties of matter from RHIC experiments, an effort to develop QCD based event
generators is extremely important.

5. The high energy limit of QCD

The behavior of QCD at the high energy frontier has not yet been understood. The
most smple, and most fundamenta, questions are gill unanswered: Why do hadron cross
sections rise? How are particles produced? Wheat is the wave function of a high energy
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hadron? RHIC will help to find the answers by providing detailed data on particle
production in awide range of atomic numbers and energies.

Progress in the understanding high energy behavior in QCD will dlow to
recondruct initid conditionsin heavy ion collisons, which isa crucid prerequisite for
theoretical description of the entire process. It will need further development of new
theoretica tools, where there has been a remarkable recent progress. It will also need
large scale redl-time Monte Carlo numericd smulations.

6. Strong CP problem

While QCD dlowsfor aviolation of parity and charge conjugation combined
with parity (CP), this violation has been never observed experimentally in normal
conditions. Why thisis so is still asubject of theoretica studies. It would be of greet
interest to check if CP violating processes are possible under extreme conditions of high
temperature and dengity. Theoretica progress hereislinked to the understanding of
topological effectsin gauge theories a zero and finite temperatures. This requires both
andytica tools and lattice Smulations. To search for the effects of anomaous parity and
CP violation in experiment, one needs to incorporate these processes into the event
generators.
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