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elerator CenterLaboratory for Nu
lear S
ien
eMassa
husetts Institute of Te
hnologyCambridge, MA 02139, USAAn overview of re
ent experimental results from RHIC is presented. A new hot,dense form of matter has been produ
ed in the �nal state of relativisti
 heavyion 
ollisions. The general 
hara
teristi
s of this new form of matter as dedu
edfrom the experimental data are des
ribed. In addition, the s
ienti�
 motivationand ma
hine 
on
ept for a new high luminosity ele
tron-ion 
ollider using RHIC,known as eRHIC is des
ribed.1 Introdu
tionAt extremely high energy densities, Quantum Chromodynami
s, the StandardModel of the strong intera
tion, predi
ts a new form of matter, 
onsisting of anextended volume of intera
ting quarks, antiquarks and gluons. This has 
ome tobe known as the quark-gluon plasma (QGP). Cal
ulations using latti
e-gauge ap-proximations have been used to 
al
ulate the 
riti
al temperature TC for the phasetransition between the QGP and a system of 
olor neutral hadrons giving values inthe range of about 170 to 180 MeV [1℄.Collisions between relativisti
 heavy ions beams are expe
ted to produ
e �nal-states where for short times (� 10�23 s) the densities and temperatures ne
essaryto produ
e the QGP 
an be realized. In February 2000, after 15 years of experi-ments with �xed-target nu
lear beams, CERN s
ientists 
on
luded that a multitudeof di�erent observations that, taken together, suggested the observation of a QGP[2℄. The Relativisti
 Heavy Ion Collider (RHIC) at Brookhaven National Labora-tory (see Figure 1) was 
onstru
ted to 
ollide nu
lear beams with suÆ
ient energy(� 200 GeV per nu
leon) and luminosity (� 1027 
m�2 s�1 for Au-Au ) to providethe de�nitive observation of the QGP. Data taking in four experiments (STAR,PHENIX, PHOBOS and BRAHMS) at RHIC 
ommen
ed in 2000 and substantialinsight into the nature and properties of the �nal-state has been obtained in theinitial running in of this unique a

elerator. Ea
h dete
tor o

upies one of thebeam-
rossing regions where RHIC's 
ounter
ir
ulating ion beams interse
t and
ollide.In addition to produ
ing high luminosity, high energy relativisti
 
ollisions ofions, RHIC has been utilized to su

essfully 
ollide beams of spin polarized protons(� 45 % ) at a 
enter-of-mass energy of 200 GeV. The RHIC-spin program is aimedat determining the polarization of the gluons in the proton and, in the longerterm with in
reased polarization and luminosity, de
omposing the quark 
avor
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ontributions to the proton spin.

Figure 1. S
hemati
 layout of the RHIC 
ollider at Brookhaven National Laboratory.For gold-gold 
ollisions at the highest RHIC energies, 56 equally spa
ed bun
hesof 109 fully stripped gold ions are inje
ted into ea
h of the two 4 km rings ofsuper
ondu
ting magnets. The two 
ounter
ir
ulating beams are then a

eleratedto 100 GeV/nu
leon.The most violent 
ollisions o

ur when two nu
lei 
ollide head-on, i.e. when theimpa
t parameter is mu
h smaller than the nu
lear diameter. Su
h intera
tionsare known as 
entral 
ollisions. Grazing 
ollisions with large impa
t parameter are
alled peripheral.The 
ollision gives rise to an initial, intense heating of the 
ommon volume o
-
upied by the two nu
lei as a large fra
tion of their kineti
 energy is 
onverted intoa high-temperature system of quarks, antiquarks and gluons. This system, whi
hpresumably 
ontains an extended volume of de
on�ned quarks and gluons, imme-diately begins to expand and 
ool, passing down through the 
riti
al temperatureat whi
h the QGP 
ondenses into a system of 
olor neutral mesons, baryons andantibaryons. As the expansion 
ontinues, the system rea
hes its freeze-out density,at whi
h the hadrons no longer intera
t with ea
h other. The parti
les emergingfrom the freeze-out volume are the ones that stream into the dete
tors.



Experimental results from RHIC and Plans for eRHIC 32 Results from RHICAlthough RHIC has only been taking data for a 
ouple of years, already 
ompletelynew phenomena have been observed and hot, high density matter is being 
reated.This has been made possible by the great te
hni
al su

ess of both the RHICa

elerator and the RHIC dete
tors. Clearly, �nal 
on
lusions are not possible butit is 
ertain that RHIC will provide the data whi
h will allow de�nitive 
on
lusionsin the 
oming years. Here I present a brief, personal overview of the early RHICresults.The number of parti
les emitted in a single gold-gold 
ollision is extremely large(� 103). Figure 2 shows how the phase spa
e density in
reases with in
reasing en-ergy. Indeed, in 
entral 
ollisions at RHIC, the angular density of parti
les produ
edper parti
ipating nu
leon is larger than has previously been seen in any subatomi
intera
tion.

Figure 2. The phase-spa
e density of 
harged parti
les emerging at angles near 900 (relative tothe beam dire
tion) in
reases steadily with in
reasing 
ollision energy [4℄.The RHIC experiments have measured the relative abundan
es of many dif-ferent parti
le types, in
luding relatively rare spe
ies that harbor more than onestrange quark (see Figure 3). The measured abundan
es are all 
onsistent with atemperature of 174 MeV and a 
hemi
al potential of 46 MeV. This indi
ates thatthe parti
les seen by the dete
tor are produ
ed at a freeze-out temperature that



4 Ri
hard G. Milneris 
lose to the predi
tion for TC and that the initial temperature of the expanding�reball is 
onsiderably higher than TC . In addition, reasonable expe
tations forthe formation time (less than 1 fm/
 or 3 x 10�24 s) yield estimates that the ini-tial energy density ex
eeds 10 GeV/fm3. The observed temperatures and densitiesstrongly indi
ate that the 
onditions to form a QGP are rea
hed at RHIC, i.e. thematter is suÆ
iently hot and dense.

Figure 3. A 
omparison between RHIC experimental parti
le ratios and statisti
al model 
al
u-lations with T = 174 MeV and �B = 46 MeV [5℄.One of the most striking early observations at RHIC is a phenomenon 
alled jetquen
hing, whi
h appears to provide a powerful new probe of the hot dense matter
reated in the 
ollisions. At RHIC, the energy is high enough that a single pairof partons from the in
oming nu
lei have a hard s
attering to large angles. Su
hhard-s
attering events give rise to a narrowly 
ollimated spray of hadrons, known asjets. The dire
tion of the jet emerging from a hard s
attering 
ollision is presumedto be the dire
tion of the initially s
attered parton. At RHIC, the observed meantransverse momentum pT of the �nal-state hadrons is just a few hundred MeV. Butthe rare hard-s
attering events give rise to a small but important tail in the pTdistribution that 
an extend out to tens of GeV.Figure 4 shows the data from the PHENIX and STAR experiments whi
h sup-port the 
on
lusion of suppression of hard s
attering events in gold-gold 
ollisions.In the PHENIX data, pion produ
tion is signi�
antly suppressed in gold-gold 
ol-lisions 
ompared to deuteron-gold. In the STAR data, the re
oil peak is strikinglyabsent in gold-gold 
ollisions. This suppression is most likely due to jet energy lossin the hot extended medium.
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Figure 4. In the upper panel, data from the PHENIX dete
tor show that the produ
tion rateof high-pT pions, s
aled to a

ount for the number of parti
ipating nu
leons, is signi�
antlysuppressed in gold-gold 
ollisions as 
ompared to proton-proton or deuteron-gold 
ollisions atthe same energy per nu
leon. In the lower panel, data from the STAR dete
tor show the angular
orrelation between high pT parti
les produ
ed in the same event. The re
oil peak at 1800, 
learlyindi
ating the produ
tion of ba
k-to-ba
k jets in proton-proton and deuteron-gold 
ollisions, isstrikingly absent in the gold-gold data.We have seen that RHIC is produ
ing hot, dense matter exhibiting very distin
-tive 
hara
teristi
s. Is this hot, dense matter in equilibrium? Strong support forthermal equilibrium 
omes from the temperature determination above, whi
h 
or-re
tly des
ribes abundan
e ratios for many parti
le spe
ies. More dire
t eviden
e
omes from a surprising early RHIC result: an unexpe
tedly large e�e
t attributedto a phenomenon 
alled 
ow.First seen in lower-energy nu
lear 
ollisions, this kind of 
ow is a nu
lear ana-logue of the many-parti
le 
olle
tive e�e
ts seen in ma
ros
opi
 properties of 
on-densed matter. When two nu
lei 
ollide, the initial high-density volume has theshape of their overlap region during the 
ollision. The region is elongated alongthe axis perpendi
ular to the rea
tion plane. If the quarks and gluons o

upyingthe initial asymmetri
 volume are indeed intera
ting 
olle
tively, pressure gradi-ents during the subsequent expansion will result in an anisotropi
 distribution of
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les with respe
t to the rea
tion plane.Su
h anisotropy is observed in the RHIC data. The observation of anisotropi
 orellipti
 
ow tells us that the RHIC 
ollisions produ
e matter that intera
ts stronglywith itself and exhibits some of the 
hara
teristi
s of a strongly intera
ting liquid.The magnitude of the observed ellipti
 
ow is sensitive to the degree of thermal-ization at the 
ollision's earliest moments. The data indi
ate that the strength ofthe e�e
t is very nearly maximal and remarkably 
lose to what one expe
ts for anexpanding system in thermal and hydrodynami
 equilibrium.3 Future Plans with RHICRHIC will 
ontinue to study the hot, dense matter des
ribed above over the nextseveral years. A program of dete
tor and a

elerator upgrades will greatly in
reasethe ability to study and 
hara
terize this new state of matter. Rare probes, e.g.dire
t photons and J= 's will yield new information on the nature of the 
ollision�nal-state.In parallel, the polarization and 
ollision luminosity of the polarized protonbeams will be in
reased. The design goal is to rea
h 70% proton polarization inboth beams and to in
rease the peak luminosity to about 1032 
m�2 s�1. It isanti
ipated that this will take at last three years.With suÆ
iently high �gure-of-merit for RHIC-spin, ex
iting new measurementsbe
ome possible. For example, �gure 5 indi
ates the pre
ise data on the gluonpolarization �G whi
h 
an be obtained at RHIC with polarized beams.

Figure 5. Proje
ted un
ertainties for determination of the gluon polarization �G at RHIC by theSTAR 
ollaboration for three di�erent gluon parametrizations.At the highest 
ollision energies and luminosities at RHIC, the produ
tion ofW� 
an be used to de
ompose by 
avor the quark 
ontribution to proton spin.
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ted pre
ision yielded by these measurements. Tra
kingupgrades are being developed to dete
t the de
ay lepton of the W.

Figure 6. Proje
ted un
ertainties in the determination of the quark 
avor de
omposition of theproton spin at RHIC by dete
tion of the intermediate ve
tor boson W�.
4 eRHICeRHIC is proposed as the next generation a

elerator to study the fundamentalquark and gluon stru
ture of matter [7℄. In parti
ular, the following importantquestions remain open:� What is the stru
ture of matter in terms of their quark and gluon 
onstituents?eRHIC will be the de�nitive tool to study the spin stru
ture of the nu
leon withits ability to 
arry out `
avor tagging' in semi-in
lusive s
attering, to extendmeasurements of the nu
leon spin stru
ture fun
tion to lower x (see �gure 7),and to dire
tly probe the polarization of the glue.� How do quarks and gluons evolve into hadrons through the dynami
s of 
on-�nement? eRHIC will make it possible to strike quarks and to observe the



8 Ri
hard G. Milner
omplete array of de
ay produ
ts from either the nu
leon or nu
leus.� How do quarks and gluons manifest themselves in the properties of atomi
nu
lei? Nu
lear binding is basi
 to the stru
ture of our physi
al universe.eRHIC will make possible new experiments whi
h 
an provide a fundamentalunderstanding of nu
lear binding.� Does partoni
 matter saturate in a universal high-density state? Very highenergy DIS on nu
lear targets with ele
tromagneti
 probes o�ers new oppor-tunities for studying partoni
 matter under extreme 
onditions. Parti
ularlyintriguing is the region of low x < 10�3 where gluons dominate. Measurementsof the proton stru
ture fun
tion at HERA showed that the gluon distributiongrows rapidly at small x for Q2 greater than a few (GeV/
)2.� To what degree 
an QCD be demonstrated as an exa
t theory of the strongintera
tion? eRHIC will have the pre
ision and kinemati
 rea
h to provide astringent test of QCD as the theory of the strong intera
tion.

Figure 7. The proje
ted statisti
al a

ura
y with 400 pb�1 luminosity with eRHIC (� 1 week ofdata taking) assuming 250 GeV polarized protons and 10 GeV polarized ele
trons [7℄. The 
urvesare the best �t to the world's data set evaluated at di�erent Q2 (2, 10, 20, and 200 (GeV/
)2).To answer these important questions, it has be
ome 
lear that a high luminosityele
tron-ion 
ollider with polarized beam 
apability and 
enter-of-mass energy in



Experimental results from RHIC and Plans for eRHIC 9the region of 30 to 100 GeV will be required. In the 2001 Nu
lear Physi
s LongRange Plan in the United States, the s
ienti�
 
ase for su
h an ele
tron-ion 
olliderwas favorably re
eived and R&D strongly en
ouraged. It was de
ided to seriously
onsider a ma
hine design whi
h would utilize the existing RHIC a

elerator atBrookhaven National Laboratory, Long Island, New York, USA. This design isknown as eRHIC.The eRHIC design 
on
ept has been developed by a team from BNL, MIT-Bates, DESY and Novosibirsk [8℄. Figure 8 shows a s
hemati
 layout of the leadingdesign. A 10 GeV ele
tron storage ring 
ollides with the proton and ion beams ofRHIC at one of the existing intera
tion regions. The storage ring is fed by a lina
with a polarized ele
tron sour
e. Further, positron 
apability would be availableand the positrons 
an be polarized at the top energy using Sokolov-Ternov selfpolarization in the ele
tron storage ring. eRHIC 
an operate in dedi
ated modewith luminosity 
lose to 1033 
m�2 s�1 but 
an be operated in parallel with heavyion 
ollisions in other intera
tion regions at lower luminosity. Ele
tron 
ooling ofthe RHIC ion beam is essential for high luminosity.

Figure 8. S
hemati
 layout of the leading design for the eRHIC 
ollider [8℄.In addition to the design des
ribed above, more futuristi
 
on
epts involvinghigh intensity, energy-re
overy lina
s are under 
onsideration [8℄. These o�er thepossibility of higher luminosity.It is anti
ipated that the next Nu
lear Physi
s Long Range Planning Exer
isein the United States (anti
ipated to o

ur no later than 2006) will give serious
onsideration to the 
onstru
tion of a high luminosity ele
tron-ion 
ollider. Further,it is anti
ipated that if approval were granted to pro
eed with 
onstru
tion of eRHICthat it 
ould be
ome available for experiments in the timeframe of 2015.



10 Ri
hard G. MilnerSummaryRHIC is operating and produ
ing ex
iting data on relativisti
 heavy ion 
ollisions.Hot, dense matter with the 
hara
teristi
s of a strongly intera
ting liquid is beingformed. Over the next several years, this new state of matter will be studied andde�nitive 
on
lusions on its nature and properties are expe
ted.In addition, RHIC is 
olliding beams of polarized protons and a new, importantprogram to study proton spin stru
ture has been laun
hed. It is expe
ted thata dire
t determination of the gluon polarization will be obtained within the nextthree years.With the addition of a polarized lepton beam, a high luminosity lepton-ion
ollider using RHIC 
an be realized. This would yield important new data on thefundamental quark and gluon stru
ture of matter. The s
ienti�
 
ase and ma
hinedesign for eRHIC is a
tively under development.A
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