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THE COLOR GLASS CONDENSATERHIC AND HERA�Larry MLerranNulear Theory Group, Brookhaven National LaboratoryUpton, NY 11793, USA(Reeived September 9, 2002)In this talk, I disuss a universal form of matter, the Color Glass Con-densate. It is this matter whih omposes the low x part of all hadroniwavefuntions. The experimental programs at RHIC and HERA, and fu-ture programs at LHC and eRHIC may allow us to probe and study theproperties of this matter.PACS numbers: 12.90.+b, 14.70.Dj1. IntrodutionThe Color Glass Condensate is the limiting and universal form of gluonimatter whih omposes the low x part of a hadron wavefuntion as thedensity of gluons beomes large. It ontrols the typial generi features ofhigh energy proesses in ollisions as diverse as eA, pA, pp or AA. It providesus with a simple desription of these features in terms of the properties ofthe Color Glass.In this talk, I shall try to answer the following questions:� What is a Color Glass Condensate?� Why is it important for hadron�hadron interations and for RHIC?� How does it desribe lepton�hadron interations?� What might we learn about the Color Glass Condensate from furtherexperimental study?� Presented at the X International Workshop on Deep Inelasti Sattering (DIS2002)Craow, Poland, 30 April�4 May, 2002.(2859)



2860 L. MLerran1.1. The Color Glass CondensateTo understand this new form of matter, it is onvenient to imagine ahadron in a referene frame where it has very large longitudinal momentum.We will be interested in the onstituents of the hadron wavefuntion whihhave small longitudinal momentum in this frame of referene. These lowmomentum onstituents are produed by the high momentum ones. Be-ause the high momentum onstituents appear to have time sales whihare Lorentz time dilated ompared to their natural sales, and sine theyindue the low momentum �elds assoiated with the low momentum parti-les, the low momentum �elds evolve very slowly ompared to their naturaltime sale. Hene the term, Color Glass, sine the �elds are omposed ofolor gluons, and glass beause the time sale for evolution of these low mo-mentum �elds is muh longer than their natural time sale. These �elds liveon a two dimensional sheet beause of the Lorentz ontration of the highenergy hadron. We shall argue in the following paragraphs that the phasespae-density of these �elds beomes large and forms a ondensate [1℄.The �elds on the two dimensional sheet turn out to be similar to theLienard�Wiehart potentials of eletrodynamis. They orrespond to planewaves as in the Weizsaker�Williams approximation of eletrodynamis, ex-ept that they have olor. They have their olor eletri �eld perpendiularto their olor magneti �eld and both perpendiular to their diretion ofmotion, ~Ea ? ~Ba ? ~z. They have a random olor. This is shown in Fig. 1.

Fig. 1. The Color Glass Condensate.The gluon struture funtion xG(x;Q2) is experimentally measured toinrease at small x. In the referene frame where the hadron is very fast,x is the ratio of a onstituent energy to the projetile energy. The gluondistribution is shown in Fig. 2(a). Note the rapid inrease in xG(x;Q2) asa funtion of x for small x. This is the origin of the �small x problem�.



The Color Glass Condensate, RHIC and HERA 2861This means that the piee of the hadron wavefuntion relevant for small xproesses has an inreasing density of gluons. In Fig. 2(b), we look at ahadron headed along the beam diretion. As x dereases, the density ofgluons inreases.
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Fig. 2. (a) The gluon struture funtion as a funtion of x for various Q2.(b) The inrease in density of gluons as x dereases.The phase spae density of gluons is� = 1�R2 dNdyd2pT ; (1)where R is the hadron size, pT is the transverse momentum of a onstituent,and y � ln(1=x). The high density of gluons is generated dynamially andis aused by an instability, whih is proportional to the density. The insta-bility is stabilized when the density of partons beomes large enough so thatinterations of order �QCD�2 beome of the order of the linear instability.Here � = R d2pT�. This requires that� � Q2sat=�QCD : (2)The fator of Q2 arises beause we onsider densities per unit area, and Q2satarries this dimension. This Qsat is alled the saturation momentum. Thefator of �QCD is the strong oupling strength of QCD. When Qsat � �QCD,we expet that �QCD � 1, so that the system beomes a high density BoseCondensate.The name Color Glass Condensate arises therefore beause� ColorThe gluons are olored.



2862 L. MLerran� GlassThe natural time sale for the evolution of the gluon �eld is Lorentztime dilated. This is like a glass whih is a liquid on long times salesbut a solid on short ones.� CondensateThe phase spae density is as large as it an be.1.2. Spae time evolution of heavy ion ollisionsA ollision of two sheets of Colored Glass is shown in Fig. 3.

Fig. 3. High energy nuleus-nuleus ollisions.This is the piture of nuleus�nuleus ollision whih arises from theColor Glass Condensate [2℄.The time evolution of the matter produed in these ollisions is dividedinto several stages:� Initial onditionsFor t < 0, the two sheets approah one another. The Color Glass isfrozen in eah nuleus.� Melting the Color GlassDuring the time 0 < t < tform, the Color Glass melts into quarks andgluons. It is estimated that tform � 1=Qsat � :1�:3 Fm= at RHICenergy. The energy density of the matter at formation is somewherearound "form � Q4sat=�s � 20�100 GeV=Fm3.� ThermalizationDuring the time tform < t < ttherm, the matter expands and ther-malizes. Typial thermalization time is estimated to be ttherm �:5�1 Fm=.



The Color Glass Condensate, RHIC and HERA 2863� Hydrodynami expansionThe system expands as a thermal system until a time of deouplingwhih is typially about tdeoupling � 10 Fm= at RHIC energy. Herethe matter presumably starts as a Quark Gluon Plasma, evolvesthrough a mixed phase of hadrons and Quark Gluon Plasma and even-tually beomes a gas of pions. In this stage, most of the physis inter-esting for studies of the phase transition or ross over between QuarkGluon Plasma and ordinary hadroni matter takes plae.One an use this desription to relate experimentally measured multipli-ities to energy density as a funtion of time. The result is shown in Fig. 4.We see that energy very high energy densities are ahieved. One an also usethe Color Glass Condensate piture to ompute multipliity distributions asa funtion of the entrality of the ollision and as a funtion of rapidity,with agreement with results from RHIC. One may even be able to explainthe observed suppression of jets relative to inoherent pp sattering [3℄.
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Fig. 4. Bounds on the energy density as a funtion of time in heavy ion ollisions.2. The Color Glass Condensate and lepton�hadron satteringDue to lak of spae, I will enumerate the suesses of the Color GlassCondensate for the desription of deep inelasti sattering data.



2864 L. MLerran� The very suessful Gole-Biernat Wustho� model whih desribesdeep inelasti inlusive and di�rative data arises naturally as an ap-proximate desription [4℄. A fuller treatment requires an impat pa-rameter integration and an desribe di�rative vetor meson produ-tion [5℄.� Unitarity is naturally and simply preserved in the Color Glass Con-densate desription. The Froissart bound is saturated [6℄.� Geometri saling is a onsequene of the Color Glass Condensate, outto very large values of Q2 [7℄.� Universality as a funtion of gluon multipliity per unit area allows theuse of nulei to produe the Color Glass Condensate at lower energiesthan would be possible for pp ollisions [8℄.3. The Color Glass Condensate and further experimental studyAgain for reasons of spae, I enumerate only a few possibilities:� The omparison between AA ollisions and pA ollisions an isolatee�ets due to the initial state (Color Glass Condensate) from thosedue to later times (Quark Gluon Plasma).� The proton fragmentation region of pA sattering allows a probe ofthe low x part of the nulear wavefuntion.� Low and intermediate Q2 studies of both deep inelasti and di�rativesattering in ep ollisions an isolate the saturation sale and test thetheory.� eA sattering allows the prodution of the highest gluon densities at�xed energy and therefore is an exellent plae to test theoretial pre-ditions of the Color Glass CondensateI thank the organizers of DIS2002 for making an exiting and stimulat-ing atmosphere in whih to do physis. This manusript has been autho-rized under Contrat No. DE-AC02-98H10886 with the U.S. Department ofEnergy.
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