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THE SEARCH FOR UNIVERSALITY:SMALL x AND THE COLOR GLASS CONDENSATELarry M
LerranNu
lear Theory Group, Brookhaven National LaboratoryUpton, NY 11793, USA(Re
eived April 2, 2003)Dedi
ated to Jan Kwie
i«ski in honour of his 65th birthdayI des
ribe the sear
h for universal properties of strongly intera
tingmatter. The Color Glass Condensate is presented as the universal form ofmatter from whi
h 
ontrols the high energy limit of strong intera
tions. Athigh energies, this strongly intera
ting but weakly 
oupled matter allows�rst 
omputations from �rst prin
iples in QCD.PACS numbers: 12.38.�t, 24.85.+p1. Introdu
tionAs physi
ists, we always try to look for simple stru
ture hidden in thesometimes 
ompli
ated patterns we see around us. When I was a gradu-ate student, the outstanding goals of parti
le physi
s were to des
ribe theweak and strong intera
tions. This involved a 
ombination of experimentaland theoreti
al e�orts. With the dis
overy of the Glashow�Weinberg�Salammodel, and the proof of its renormalizability, a plausible and simple theoryemerged whi
h uni�ed ele
tri
 and weak intera
tions. It was subsequentlyveri�ed by the dis
overy of the weak bosons at CERN.A des
ription of the strong intera
tions proved more di�
ult to �nd.A 
andidate theory had been written down by Yang and Mills many yearsbefore. After one learned how to 
ompute in su
h theories, and after oneunderstood the remarkable phenomenon of asymptoti
 freedom, it was pos-sible to test the theory in a variety of di�erent environments. All of thesetests involved studying the theory at short distan
es or at high momentumtransfer, and it was veri�ed in mu
h detail that QCD is the 
orre
t theoryof strong intera
tions.At about the same time, attempts were made to study non-perturbativephenomena su
h as quark 
on�nement and mass generation. In spite of(3029)
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 methods proved intra
table. Monte Carlo methods ofnumeri
al simulation were su

essfully employed, and one 
an des
ribe bothqualitatively and semi-quantitatively these phenomena. Pre
ise 
omparisonhas been elusive.Mu
h of the original interest in strong intera
tion physi
s arose from at-tempts to understand the intera
tions of strongly intera
ting parti
les. Laterafter QCD was proposed and quarks had been dis
overed at SLAC (in largepart due to the theoreti
al e�orts of Bjorken), one tried to understand howthese strongly intera
ting parti
les are 
omposed in terms of fundamentalquark and gluon degrees of freedom. Interest in these problems de
reasedas one tested quantitative aspe
ts of QCD in short distan
e pro
esses, andqualitative features of 
on�nement and mass generation in numeri
al MonteCarlo simulation. It be
ame and still remains somewhat disreputable withinthe parti
le physi
s 
ommunity to try to develop understanding of strongintera
tions when these intera
tions are strong. Nevertheless, intera
tionsof quarks and gluons inside of hadrons are strong, as are the resulting inter-a
tions whi
h 
ontrol the overwhelming bulk of strong intera
tion pro
esses.Most of the interest in parti
le physi
s now 
entres on physi
s of ina

essibleenergies (string theory), spe
ulative issues su
h as extra dimensions, or onthe phenomenology of supersymmetry. Strong intera
tion physi
s is 
onsid-ered by most of the parti
le physi
s 
ommunity to be either too 
ompli
atedto be of interest or solved (one knows the Hamiltonian) with only the un-interesting details to be �lled in. Strong intera
tion physi
s has be
omelargely an issue for nu
lear physi
s.Part of the purpose of this paper is to des
ribe some of the remainingunsolved issues in strong intera
tion physi
s and make the 
ase that thereare simple problems of great generality whi
h are by their very nature fun-damental. The issues I 
on
entrate on are those whi
h physi
ists su
h asJan Kwie
i«ski has worked on for most of his 
areer. They re�e
t the eas-ily a

essible and simple stru
tural aspe
ts of strongly intera
ting parti
les.Among the issues I shall dis
uss are:� What are the sizes of hadrons and how does this size depend on energy?Is this dependen
e on energy universal and independent of hadron?� How are hadrons made from fundamental 
onstituents? Is the partof the hadroni
 wavefun
tion important for high energy intera
tionssimple and universal?� What is the relationship between the 
onstituents of high energy had-rons and the distributions of parti
les produ
ed in high energy 
olli-sions? What is the spa
e�time des
ription of the evolution of matterprodu
ed in su
h 
ollisions?



The Sear
h for Universality: Small x and the Color Glass . . . 3031I believe that a partial answer to these questions lies in the existen
e ofa new form of matter universal to hadrons whi
h 
ontrols the part of a hadronwavefun
tion important for high energies. This matter, for reasons whi
hwill be explained later is 
alled a Color Glass Condensate. It has simpleproperties whi
h 
an be explained from �rst prin
iples in QCD. I will arguethat at this time, among the most 
ompelling eviden
e for this matter 
omesfrom the work of Gole
-Biernat, Kwie
i«ski and Sta±to [1℄, and related workby Gole
-Biernat and Wüstho� [2℄.I argue that universality is the fundamental underpinning of high energystrong intera
tions. It means that a few simple properties of thematterwhi
hmake up hadrons des
ribe a very wide dispersion of phenomena seen at highenergies. I will argue that the Color Glass Condensate uni�es results seen inlepton�hadron and hadron�hadron intera
tions for all varieties of hadrons.Su
h seemingly di�erent phenomena as hadroni
 total 
ross se
tions, deepinelasti
 s
attering and di�ra
tion are in
luded under one uni�ed des
rip-tion. 2. An
ient historyThe very early work on strong intera
tions, before QCD was an a

eptedtheory, tried to use analyti
 properties of s
attering matri
es to abstra
t gen-eral features of strong intera
tion pro
esses. One was able to argue that ifone used analyti
 properties of s
attering matri
es as a fun
tion of 
om-plex angular momentum, that many features of strong intera
tion pro
esses
ould be understood. In parti
ular, there were poles in the 
omplex angularmomentum plane, and one 
ould asso
iate the ex
hange of a pseudo-parti
lewith su
h a pole. These are the so 
alled Reggeons. The pole of maximal an-gular momentum, thePomeron 
ontrols the total 
ross se
tion at high energy.A variety of simple stru
tural aspe
ts of strong intera
tions were under-stood on the basis of Regge poles. The idea of universality �rst appeared:The energy dependen
e of the total 
ross se
tion should be universal. One
ould prove an absolute upper bound on the total 
ross se
tion of hadrons,the Froissart bound � � � 1m2� ln2� EE0� ; (1)where E is the 
enter of mass energy and � is a 
omputed 
onstant.One thing the early Regge des
ription missed was the growth of the total
ross se
tion with energy, as dis
overed in the experiments at Serpukhov. Inthe pomerons simplest realization, the 
ross se
tion be
omes a 
onstant athigh energy. Experimentally measured high energy 
ross se
tions seem tohave a ln2(E) behaviour whi
h saturates the Froissart bound. One 
ould�x the problem within the Regge theory of the pomeron, but a 
onsequen
e
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ross se
tion grew too rapidly with energy, and soa simple single pomeron 
ould not des
ribe the high energy limit. This wasthe �rst indi
ation that the high energy limit is 
ontrolled by a high densityof matter. Thought about in this old language, this high density matter is
omposed of pomerons. The most valiant attempt to make sense of the highenergy limit was Gribov�Reggeon Cal
ulus. I remember the ex
itement thatpeople had over this now long forgotten theory. Like so many attempts, itwas abandoned not be
ause one had solved the Gribov�Reggeon Cal
ulusbut be
ause something new had intervened.Early experiments at SLAC had revealed tantalising hints of the quark
omposition of matter. Quarks would have however been seen due to theirfra
tional 
harge, so quarks had to be 
on�ned permanently inside of hadrons.A hint about the resolution to this mystery 
ame from a somewhat obs
uretheory, QCD. When this theory's 
oupling 
onstant's dependen
e on energywas 
omputed, it was found that it be
ame weak at short distan
es. TheSLAC experiments probed the short distan
e stru
ture of QCD, and this iswhere the quarks appeared. One had vague hopes that the theory wouldsomehow solve the problem of 
on�nement when the 
oupling 
onstant be-
ame large. In the mid 70's, the J=	 meson was dis
overed. This heavystate had the remarkable property that it was mu
h more stable than ordi-nary strongly intera
ting parti
les, and that it had an ex
itation spe
trumvaguely reminis
ent of atomi
 physi
s. This suggested the J=	 was a some-what weakly bound state, sin
e the mass was big the intera
tion strength ofthe quarks inside it would be weak. This strongly suggested that QCD wasthe 
orre
t theory of strong intera
tions.These revolutionary developments 
hanged the entire 
ourse of the studyof strong intera
tions. For many years one veri�ed that in fa
t QCD was thefundamental theory of strong intera
tions. These tests inevitably involvedasking questions about very rare pro
esses, sin
e one had to isolate a shortdistan
e 
omponent of a parti
le intera
tion. In su
h pro
esses the 
ouplingis weak, and one 
an do 
ontrolled 
omputations.Only a few brave physi
ists, su
h as Jan Kwie
i«ski, remained interestedin understanding the strong intera
tions when they are strong, and how thehadrons and typi
al intera
tions as we see them in nature are 
omposed interms of fundamental degrees of freedom. Jan was among those few whorealized the importan
e of understanding issues su
h as the origin of thestru
ture of hadrons in terms of quarks and gluons, and was one of thepioneers in developing a des
ription of the pomeron itself in terms of gluons,and 
onversely what we knew of pomerons to the des
ription of distributionsof quarks and gluons inside of hadrons.



The Sear
h for Universality: Small x and the Color Glass . . . 30333. The pomeron and gluonsPomerons and reggeons provide a su

essful phenomenology of interme-diate energy hadron 
ollisions. On
e one a

epts that QCD is the 
orre
ttheory of strong intera
tions, one must ask how pomerons and reggeonsarise as the e�e
tive or pseudo-parti
le degrees of freedom of QCD. Onevery su

essful way of in
orporating many of the 
onstraint of the quarkdegrees of freedom into the reggeon and pomeron des
ription is the dualparton model [3℄. This model has the 
orre
t physi
s to automati
ally in-
orporate the valen
e quark 
oupling to reggeons and to build in many ofthe 
onstraints of �eld theory whi
h relate pro
esses in the s and t 
hannel.Any 
omplete theory of strong intera
tions will have to su

essfully 
ompetewith the su

essful phenomenology of this theory.In early work Jan was intrigued with making a 
onne
tion between theunderlying quark�gluon des
ription and the reggeon�pomeron des
ription.He was one of the �rst to apply the ideas of the dual parton model tonu
leus�nu
leus 
ollisions, a problem 
lose to my own heart [4℄. He didpioneering work on understanding the odderon [5℄. To understand what isthe odderon, one needs �rst to understand how to think about the pomeron.The pomeron mediates 
harge 
onjugation even pro
esses. Therefore, we
an think of it as 
omposed of two intera
ting gluons. In fa
t, in the 
lassi
BFKL paper, it was shown that one 
an generate the pomeron by summingup ladders of gluon ex
hanges between gluons, as shown in Fig. 1 [6℄.
+ + ...

The Pomeron as a Gluon LadderFig. 1. The pomeron as a pseudo-parti
le 
omposed of two gluons intera
ting bythe ex
hange of two gluons.The odderon is the natural generalisation in QCD to an intera
ting threegluon ex
hange as shown in Fig. 2. It has opposite 
harge 
onjugation tothe pomeron. It is an obje
t of mu
h interest, and remains to be dis
overedin experiment.The sum of ladders whi
h generates the pomeron makes for a rapidlyrising 
ross se
tion � � � E
m�QCD���s : (2)
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+ +

The Odderon

+ ...

Fig. 2. The odderon as a pseudoparti
le 
omposed of two gluons intera
ting by theex
hange of three gluons.The 
onstant � is 
omputed by BFKL. Here �s is the strong 
oupling 
on-stant evaluated at an energy s
ale typi
al of the typi
al transverse momen-tum of a gluon whi
h 
omposes the pomeron. We naively expe
t that thiss
ale is of order �QCD, so the 
oupling is big, and the weak 
oupling te
h-niques impli
it in the derivation break down. We shall see later that in fa
tthis 
oupling should be evaluated at an energy dependent momentum, thesaturation momentum, whi
h itself grows with energy. When the satura-tion momentum be
omes big, the 
oupling is weak, and the BFKL analysisis 
onsistent. The growth of the single pomeron ex
hange amplitude withenergy is inevitable.This leads to at least two problems:The �rst is that be
ause the pomeron itself is made of gluons, and sin
ethe low momentum gluons in the 
enter of mass frame join from one hadronto the other to generate an intera
tion, these low momentum gluons mustbe in
reasing in density as the energy in
reases. If we identify gluons bytheir fra
tional longitudinal momentum in a frame where the hadron movesfast, this means the density of gluons grows asxG(x;Q2) � �1x���s : (3)We shall later identify this high density very 
oherent 
on�guration of gluonsas the Color Glass Condensate.The se
ond problem is that it appears the Froissart bound limit is vi-olated. In fa
t, the Frossart bound is saved by the high density of gluons.When the gluons �ll the geometri
al area of a hadron, the hadron 
ross se
-tion be
omes roughly a 
onstant. As one adds more gluons, they are hiddenby the already high density of gluons. Only in 
ases where one 
an a

essa low density of pomerons does one see the naive growth with energy of 
rossse
tions. (In the theory we des
ribe later, the gluons have to overpa
k thevolume by a fa
tor of 1=�s in order for the hadron to be
ome a bla
k disk.This is be
ause intera
tions are proportional to �s. This happens naturally.)



The Sear
h for Universality: Small x and the Color Glass . . . 3035We 
an even use these naive 
onsideration to see how the Froissart boundis saturated. Suppose that in impa
t parameter spa
e, the density of mat-ter has a radial pro�le falling like e�2m�r, whi
h should be the 
ase atlarge distan
es. On the other hand suppose the density of partons growslike e
y where y = ln(1=x) is the rapidity of the hadron. Requiring thate�2m�re
y � 1, that is that the hadron be
omes opaque, is equivalent to [7℄2�R2 � ln2(E)=m2� : (Whether this simple and transparent argument a
-tually applies toQCD is disputed by at least one group [8℄.) Therefore, if oneunderstand how this high density gluon 
on�guration arises, the Color GlassCondensate, then one naturally explains the saturation of theFroissart bound.Jan was one of the �rst to realize the 
onne
tion between the rise of thegluon density and the singular behaviour of the pomeron [9℄. He was alsoone of the �rst to understand the impli
ations of this rise in the gluon distri-bution for the total 
ross se
tion as seen 
on
retely through the 
ontributionof mini-jets to the total 
ross se
tion [10℄.I think that at the time the idea of growing gluon distributions seemedto be quite radi
al. This was before the dis
overy in HERA of the smallx enhan
ement of gluons distributions, shown in Fig. 3 [11℄. The HERAresults, although no surprise to Jan, were a great surprise to many of us.
2

x1010 1010

Q = 200 GeV

Q = 20 GeV 

xG(x,Q )

2 2 

2 2

-4 -3 -2 -1

= 5 GeV2Q
2

Fig. 3. The small x enhan
ement seen at HERA4. Impli
ations of high gluon densityIn Fig. 4, I show a sli
e of a hadron at small x, that is the transversedistribution of the low longitudinal momentum degrees of freedom (wee par-tons). At small x, this density grows and at very small x satis�es�2 = 1�R2 dNdy >> �2QCD : (4)This means the typi
al separation between partons is small, and �s evaluatedat this s
ale is weak.
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Low Energy

High Energy

Gluon
Density
Grows

Fig. 4. The transverse distribution of partons inside a hadron.What 
an stabilise the density distribution of partons? Instabilities aretypi
ally driven by negative mass squared terms proportional to the phasespa
e density �. They are typi
ally stabilised by intera
tions proportionalto �s�2. The stable density is � � 1=�s, and when �s is weak, this islarge. This is 
losely related to the phenomena of Bose 
ondensation andsuper
ondu
tivity. The quantum o

upation numbers for this state are largeand it is highly 
oherent. Hen
e the name 
ondensate. This implies the gluondensity distribution should saturate [12℄.The partons whi
h generate this 
ondensate 
ome from higher values ofx in the frame where the 
ondensate is at rest. These higher x degrees offreedom are Lorentz time dilated 
ompared to their natural time s
ales, andthis time dilation is transferred to the low x degrees of freedom. Sin
e the
olor distribution 
omes from partons at very many di�erent values of x,one expe
ts the distribution of 
olor in the transverse spa
e to be random.These properties are similar to ordinary glasses, and in fa
t the theory onewrites down to des
ribe this is the same type used to des
ribe spin glasses.Hen
e the name glass.The gluons whi
h make up this distribution are 
olored. It is, therefore,a s
ienti�
ally a

urate name that this low x high density gluon matter be
alled Color Glass Condensate.In order to parameterise the Color Glass Condensate, we introdu
e thesaturation momentum, Q2sat � �s�2 : (5)This is the largest momentum where the phases spa
e density remains oforder 1=�s.



The Sear
h for Universality: Small x and the Color Glass . . . 3037To 
ompute the dependen
e of this momentum on x, it turns out weneed to understand the gluon distribution in an intermediate range of phasespa
e density, where 1=�s � � � 1. One 
an analyse the BFKL equationin this range of momentum, and 
ompute the dependen
e of the saturationmomentum on x [13℄. Over a wide range of energy, one �nds [14℄Q2sat � 1 GeV2 �x0x �0:3 : (6)This result is quite 
lose to the value found by an analysis of deep inelasti
s
attering and di�ra
tion by Gole
-Biernat�Wustho� [2℄.In fa
t, Gole
-Biernat, Kwie
i«ski and Sta±to made a very importantdis
overy based on the HERA data [1℄. They dis
overed that over a very widerange of momentum of the virtual photon, Q2 in deep inelasti
 s
attering,the 
ross se
tion �
�p = F � Q2Q2sat� : (7)This works for x < 10�2 and Q2 < 400GeV2. One 
an understand this resultfor small Q2 � Q2sat, but it is a surprise it works well at su
h large Q2. Infa
t one �nds that another s
ale appears in the problem Q4sat=�2QCD In thisintermediate s
aling region, Q2sat � Q2 � Q4sat=�2 
orrelation fun
tion s
aleas powers of Q2, that is anomalous dimensions whi
h are 
omputable withinBFKL dynami
s. In this region, the phase spa
e density is not so large,and the time s
ales for evolution of matter are more or less normal times
ales, but the 
orrelations are non-trivial. The des
ription of the matter isquantum, not 
lassi
al [13℄. This region has been 
alled the Quantum ColorFluid by my good friend Dima Kharzeev [15℄.

Fig. 5. The phase diagram for high density QCD.
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an now draw a phase diagram of QCD. In Fig. 5, the regions ofphase spa
e o

upied by the Color Glass Condensate, the Quantum ColorFluid, and the ordinary parton gas is shown in the ln(1=x) � ln(Q2) plane.We believe we have a semi-quantitative theory of this matter, and this theoryshould be
ome pre
ise at asymptoti
ally small x. This is be
ause the densitybe
omes large at small x and, therefore, the 
oupling is weak, and we 
an
ompute the properties of weakly 
oupled theories.5. UniversalityThe 
on
ept of universality is built into our theoreti
al des
ription ofthe Color Glass Condensate. The properties of the matter depend onlyupon the density of partons per unit area, independent of the nature of theoriginal parton. Be
ause all matter is made from CGC at high energies,the properties of hadrons relevant for high energy pro
esses are universal.The parton distributions themselves 
an be 
omputed as a property of thismatter.There is a deeper sense in whi
h this matter is universal whi
h arisesfrom renormalisation group ideas. To understand this, one needs to knowabout the property of limiting fragmentation (see Fig. 6). If one plots thedistribution of produ
ed parti
les as a fun
tion of rapidity measured fromthe rapidity of one of the 
olliding parti
les, ex
ept for a few units of rapiditywhi
h 
orresponding to the slow moving parti
les (the wee partons) in the
enter of mass frame, the distributions are the same at di�erent energies.

Fig. 6. Limiting fragmentation in heavy ion 
ollisions.
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h for Universality: Small x and the Color Glass . . . 3039It is as if the only e�e
t of going to higher energy is to add in new lowmomentum degrees of freedom. The high momentum degrees of freedom arefrozen out.This means that there should be an e�e
tive a
tion for the low momen-tum degrees of freedom, and going to higher energy integrates out thesedegrees of freedom, and results in a new theory for the yet lower momentumdegrees of freedom at the higher energy s
ale. In fa
t these low momentumdegrees of freedom are integrated out to generate sour
es for the wee partonsat higher energy. This pro
ess is a renormalisation group [12, 16℄.Unlike the ordinary renormalisation groups we are familiar with fromperturbative �eld theory, this renormalisation group turns out to be a fun
-tional di�erential equation. It is essentially an in�nite dimensional di�usionequation for the wavefun
tion whi
h des
ribes the small x gluons. Be
ause ofits di�usive nature, going to smaller values of x implies that the wavefun
tionspreads, and this spreading is the origin of the non-trivial growth of the gluondistribution fun
tion and the saturation momentum. One 
an write thefun
tional di�erential equations expli
itly, and see that all known renormal-isation group equations whi
h in
lude DGLAP and BFKL are reprodu
ed.In addition one gets a 
omplete des
ription of both the Color Glass Con-densate and the Quantum Color Fluid regions of the QCD ln(1=x)� ln(Q2)phase diagram. The solutions at small x appear to be universal [17℄. Fora 
omplete review of these and other topi
s see the re
ent review of Ian
uand Venugopalan [18℄.What I am 
laiming here is very radi
al: we have a 
omplete under-standing of the high energy limit of QCD in terms of a universal form ofmatter. At high enough energy, we have the tools at our disposal to expli
itly
ompute the properties of QCD.6. Summary and 
on
lusionsOur 
urrent theoreti
al understanding of high energy strong intera
tionpro
esses promises to unify deep inelasti
 and di�ra
tive pro
esses in leptonhadron intera
tions. It also allows for the determination of initial 
onditionsfor hadron�hadron 
ollisions and in parti
ular for nu
leus�nu
leus 
ollisions.This latter understanding in my opinion will ultimately prove 
ru
ial fordetermining the properties of a quark�gluon plasma as produ
ed in nu
lear
ollisions. This has already proven to be extremely useful for des
ribingmultipl
ities and transverse momentum distributions found in RHIC 
olli-sions [19�21℄.For la
k of spa
e, I 
annot go into details here [18℄. I would like to saythat it is very, very ex
iting to see these separate �elds of experimental andtheoreti
al work, that share both a 
ommon origin and many intelle
tualgoals, 
oming ba
k together again.
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