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1. Introduction

When considering the complex multiparticle state produced in RHIC collisions,otisom-
monplace to assume that the system thermalizes rapidly and is described byatieres of hy-
drodynamics][iL]. It is generally assumed that the longitudinal expanstmrisinto the “scaling”
regime wheres, = z/t, as was suggested by Bjorken in 198B [2]. This makes the hydrodynamic
equations much simpler, reducing the numerical complexity of the solutionsalgkassomething
which was expected in the parton model approach of Feynman and BjoHanever, it is of-
ten forgotten that the hydrodynamic approach to strongly interacting sysésnmnvented almost
thirty years before the Bjorken paper, and considered a much diffeviéal state. The so-called
“Landau Hydrodynamical Model{[4] 4, 18] B, 9] has the same assunwpfarthe hydrodynamic
evolution (most importantly, zero viscosity), but has very different egdions for the initial ve-
locity gradient.

The 2+1D hydro of Bjorken, adapted to modern contexts by a wide rahgatbors, starts
with a picture of partial stopping of the projectiles with the produced matterctiftgthe internal
structure of the nucleons. If the partons in the nucleon followed a steufactionF (x) O 1/,
this quite naturally would provide a boost invariant initial condition if all of thertpns were
suddenly put on-shell and assumed to be in local equilibrium (siyee xdx so if dN/dy=C,
thendN/dx= C/x). However, it has been experimentally established more than a decatty ago
HERA that there is an enormous number of lwgluons. Thus, boost-invariance is not an obvious
feature of the initial state. The situation is not helped by a lack of knowledgatdhe intrinsic
thermalization time, which is usually assumed to@@ fm/c) but has not yet been determined
experimentally.

Landau’s model[J4] (identical to Fermi’§][3] in the initial state) is the oppositeeene. The
the matter is not born into any particular velocity distribution but is born at oéstipurse with a
huge energy density. While there are no obvious ways to achieve thisturlpaive calculations,
it does not violate energy/momentum conservation. In this picture the onlgsseatering the
problem are the CMS energys and the Lorentz-contracted volume of the projectilgy. Given
this, the only time-scale in the problem@R//s), the Lorentz-contracted radial dimension of
the projectiles. This scale determines the thermalization time, and thus the eapsity,centropy,
etc. More importantly, since boost-invariance is not assumed, then thenibsis non-trivially
3+1D. The most stark example of non-trivial behavior in 3+1D at RHI@es from the data on
the elliptic flow parametev, as a function of). There is a clear and strong rapidity dependence,
not dissimilar to the inclusive charged particle production, suggestiveabtongitudinal physics.
Of course, non-ideal hydrodynamical effects have been invokegtiaia this (e.g. Ref[]7], but
the point of this work is to suggest that there may be more ways to appraaghablem. The rest
of this proceedings will be to explore the consequences of Landau’d icotiitions on various
aspects of RHIC (and possibly LHC) phenomena.

2. Elementary Collisions

Compared to RHIC collisions, “elementary” collisions of protons and antipsytor electrons
and positrons, which produce many hadrons seem to look quite sparas, they are generally
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Figure 1: (left) Total primary charged particle multiplicity fa" e~ (with up to 10% admixture of weak
decays) ang(p) + p collisions, compared with MLLA pQCD calculations, JETSERd PYTHIA. (right)
Midrapidity density forp+ p collisions vs.,/s compared with PYTHIA and PHOJET, from ReDlO]

thought to result from very different physics processes.

Electron-positron annihilation into hadrons used to be understood usigets based on the
original “string models” of the 1970's, with extensions incorporating multipl@glproductior[B].
More recently, purely perturbative calculations involving gluon laddarsaapture many features
of the data, down to details of jet fragmentation. This is especially true oflagilms of the total
multiplicity, which have good descriptive and predictive power, startingnfiioe early SPEAR data
up to the top LEP2 energies. A full accounting of the running coupling irrgggrientation gives
formulae that scale agy, 0 af exp(B/In(s))[H]. One achieves similar results in various “parton
cascade” approaches, such as JETSET, which augments the oldgnsbdiels with perturbative
gluon emission.

Collisions of protons and antiprotons are generally understood in a “brgponent” scenario.
The soft component is thought to be the domain of “non perturbative QeiDtinderstood phe-
nomenologically by means of descriptive features like longitudinal phaaeesand limitedor.
Various implementations of this can be tuned to describe the available data.u@ecget phe-
nomena have been observed as the energies increased, suggestihgrénes a separate “hard”
component at work in p+p collisions. This has been successfully modgleanbining the struc-
ture functions measured at high%in e+ p collisions, with pQCD cross sections to get the angular
distributions, and fragmentation functions measured’ia~ reactions used to parameterize the
relationships between the outgoing quarks and gluons and the measdredsha

Various models incorporate the hard and soft components in differeatrses, such as PYTHIAJL1],
HERWIG[I2], PHOJET [13], and HIJINE[14]. And yet, despite belmased on similar inputs,
most of these models predict different extrapolations of existing data todngigies [[10], as
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Figure 2: (left)inclusive dN/dx= for protonsp+ p collisions at several energies. Inset shows the same
for anti-protons. From Ref[[]L8]. (righch for e"e~ at /s (grey triangles) angh(p) + p at,/Seff = /5/2
(open circles) compared with MLLA pQCD and Landau Hydrodyies. Both functions have been adjusted
by an overall scale factor.

shown in Fig[]L. One expects an interesting early running of the LHC whileatieus models (or
tunings thereof) are validated, or ruled out, by the first data.

One major uncertainty in understanding soft particle production in p+ppang) collisions
is related to the lack of dynamical mechanisms in the models. It is still not genarallsrstood
how the incoming baryons are “stopped”, and their energy transmutedanticlps[1}]. The net
rapidity loss of the incoming baryons has been studied extensively in fixgettexperiments as
well as at the ISR (but not at the Tevatron collider, unfortunatgly)) [, It has been found that
the distribution ofxg = 2pz/+/s, the fraction of energy found in the outgoing “leading” particles
is essentially flat (but with a quasi-elastic peak ngar 1)[iL8], as shown in Fig[] 2(left). More
interestingly, this net baryon rapidity loss is found to correlate strongly wihdtal multiplicity,
and approach the*e~ multiplicity measured at the samgg[fLg]. In fact, theete™ andp+ p
data overlap each otherjif+ pis plotted at,/Serf = /S/2. This suggests that 1) the net baryons
measured in p+p collisions reflect the inelasticity of the collision, and 2) the beexhanisms of
total entropy production in bot&"e~ and p -+ p are quite similar.

One way to understand the similarity between the entropy produced in thesy$tems is
by simply postulating that both are the result of an early, rapid equilibratioogss resembling
the Landau scenario in its space-time profile. Cooper, Frye and coltab®{a9] worked under
this assumption in the 1970’s. Thus, whatever complicated dynamics mightfeeedifbetween
the two systems is rendered irrelevant by strong interactions betweemtlenfiental constituent
degrees of freedom. In that scenario, the rest of the evolution is ipémtiad simply expresses
the total entropy via the total multiplicity. Clearly, this is a difficult scenario to @wrsif one
conceives of it proceeding via the kinetic equilibrium of the outgoing pasgtidowever, it seems
less problematic if the particles are thought to be the consequence of ézedrg of a fluid with
many strongly-interacting degrees of freedom into the thousands of laleaifeass states of QCD.
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This is a natural extension to the model that Ferfthi [3] and Lanfau [4] evéetvtly proposed in
the 1950’s.

3. Landau’s Hydrodynamical Model

3.1 Multiplicity Formula

Fermi and Landau both arrived at a simple formula for the total multiplicity in théy ea
1950's[3,[#]. The derivation simply assumes complete thermalization of tHectwegyE = /S
in a Lorentz-contracted volumé = Vp/y = Vo/(1/S/2my), leading to an initial energy density
€ = s/2m\\Vo, which increases quadratically witffs. Assuming the blackbody equation of state
p = &/3 and the first law of thermodynamids = T do, leads to a scaling of the entropy density as
o 0s¥4. Multiplying the entropy density by the volume gives a total entrSpyoV 0s%4/sY2 [
sl/4. This is the famous Landau-Fermi multiplicity scaling formula, which suggestsdte mul-
tiplicities will scale as the square root of the CMS eneiy,) v/Ecm. FoOr a more generic equation
of state (e.ge = c2p), N 0 EH 249/ (1+%) [hg).

While the pQCD formula mentioned above, shown in [fig.2 (right), does a gdotbjahe
ete  data, the Landau-Fermi formula does an equally good job describing theehi&ygy data
when tuned on the lower energy data. It also naturally explains the corstiabetween th@+ p
ande*e data at the sameg’s, since(set1/s)Y* = \/1/2 ~ 70%. Of course, it remains an open
guestion how higher-energy data will turn out, given that the two formuiher gignificantly at
much higher energies (pQCD givitg, ~ 100 and Landau givindj, ~ 160 at LHC energies) and
thep+ p data already seems to trend below even the pQCD prediction shown above.

Of course, the dynamical evolution does not end with the initial equilibratstesypostulated
by the Landau-Fermi model. Landau correctly recognized that if sugistera achieves local
equilibrium (i.e. with vanishingly-small mean free paths), it will behayerodynamically{i,
H]. The blackbody EOS implies a locally-traceless stress energy temsbthas scale-free (i.e.
conformal) dynamics. Thus, the evolution of the system is determined onhetscties imposed
at the beginning (the energy and volume) and at the end (the familiar fnetezendition such that
evolution stops at = Te)!

Landau’s well-known initial conditions are quite simple: an enormous ergeggity with no
longitudinal motion, packed into a volume contracted along the z axis/k¥s.1 Following the
evolution analytically from its initial 1+1D expansion to the late 3+1D expansising various
approximations along the way), he found that the rapidity distribution of the @lements at
freezeout is described by a Gaussian distribution with variaﬁce (1/2)In(s/4m}) = L. Cooper,
Frye and Schonberg completed the modern interpretation of hydrodynhynstggesting that the
fluid elements are not particles but hadronic “fireballs” which decay ipatatly in their own rest
frame[19]. Carruthers and Duong Van found that Landau’s modslanetter fit to data than the
boost-invariant scenarios popular at the tifng [21].

It is worth taking a few moments to remark on what the Landau migddlis a 3+1D model
which assumes rapid local equilibration and has no free parameterss tivbascales,/s and

IThis is not dissimilar to QCD calculations, which take as input a hard €galed a self-generated cutafoep.
In fact, there are many intriguing similarities between hydrodynamics afditfieory calculations, as pointed out by
Carrutherd[6]
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Figure 3: (left) Calculations ofdN/dy (with an arbitrary overall scale) the Landau hydrodynamaxded
(Equation 3.1), seen in the fixed target frame, showing ‘fedtel longitudinal scaling”. (righiN/dyr,
the rapidity distribution along the thrust axiséfhe™ collisions, viewed in the frame of the outgoing quark

(V1 — VYjet), from Ref.[2B].

Tch Which determine the initial and final states. Finally, it describes the enemgndence of the
produced entropy and its angular distributions. There is no nucleapaeerey in the model and
no assumption of boost-invariance. Rather, the entire system is explicitlpnagsto be in local
thermal contact on asymptotically small time scagek/ /s as the beam energy increases.

And a few words on what the Landau modeInot There is no description of net-baryon
dynamics (or those of any conserved charges). There is no phas#itna but just a single EOS
p = €/3. There is no hadronizatigrer se but just a simple freezeout criteriol & Tgy,), and thus
no mass dependencedil/dy (something which was discussed in the 1970’s by Cooper and Frye)
and certainly no resonance decays. Since these are clearly imported pfg@hysics, clearly seen
in data, these issues should be seen as caveats for the various corsofiraion later.

3.2 Longitudinal Scaling

One very non-trivial feature of Landau’s hydrodynamical modeleapp when it is combined
with the Landau-Fermi multiplicity formula

dN 1 y?
——~ =KsV/* ex <——) 3.1
dy vart P\ "ot 1)

and then viewed in the rest frame of one of the projectiles by making the dramstfiony =
Y — Ybeam=Y— (L+1In(2)), whereL = In(y/s/2mp)

dNn 1 y?
()
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Figure 4: MLLA pQCD calculations, from Rem4], showing rapidityddributions in the rest frame of the
outgoing quark (left) and in the CM frame (right).

One sees that as one approacyies 0 this becomes a function gf alone, with some loga-
rithmic scale breaking due to théL. A direct plot ofdN/dy at several beam energies, shown in
the left panel of Fig[|3, shows the phenomenon of “limiting fragmentation’eatended longitu-
dinal scaling” [2p] even more clearly. While not an original observatioou the Landau model
(see e.g. Ref]21)), this scaling was rediscovered in this context ing@&f.This is a non trivial
outcome of the formulae, and is even more intriguing considering that it ishcleaen in both
p+ p andp+ p data with respect to the beam axis, as welkas™ data with respect to the thrust
axis [23] as shown in the right panel of F[g. 3.

3.2.1 Landau vs. pQCD

But the surprises of Landau’s model are not just limited to its relevanceperiexental data.
The calculations of jet fragmentation in perturbative QCD, in the MLLA framéwdiscussed
above, have been done by several authors during the 1980'sf.[B&}eTesima performed MLLA
pQCD calculations (which have a different anomalous dimension than Mag#ded thus presum-
ably a different energy dependence) for the rapidity distribution of emithedins. He found that
the rapidity was approximately Gaussian with a width scaling/&s(s) and “translational invari-
ance”, seen by observing the fragmentation functions as a functighn=of/ — ymax Finally, we
have already seen that the MLLA formula gives similar multiplicities to the Lartemi formula
over energy ranges for which data exist. Thus, we find that, evemgé#riaally, pQCD and the
Landau model can give similar results. Whether this is a particularly orneittegnt, or whether the
mathematics (non-Abelian gauge theories, and 3+1D hydrodynamics wittauaninitial condi-
tions and freezeout criterion) share a deep underlying structure sed&ma particularly intriguing
guestion.

The prevalence of extended longitudinal scaling in elementary collisiodshampredictions
of this phenomenon from both MLLA pQCD and Landau’s hydrodynamiwatlel should not
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Figure 5: RHIC data on inclusive charged particles (STAR) and idetifi®s (PHENIX) at high pr,
compared with a fit to a Gaussian distribution in transveapddity.

be forgotten when discussing the phenomenon in A+A in the context ofrrteaeretical frame-
works, some of which will be discussed in the next section. The theorgtiedictions for this
scaling should also be kept in mind when trying to predict the shapiNgéin and the value of
dN/dn(n = 0), e.g. in Ref[2b]. While the existing data suggest a “linear” trend to the limit-
ing curve, the models shown here (both pQCD and Landau) suggesiingauity as the energy
increases, as seen in F[gs.3 @hd 4. This will be discussed in SBction 5.

3.3 Transverse Distributions

A final unexpected coincidence is seen in the transverse direction a@arGarruthers and
Duong-van noticed that thepr distribution of °’s in p+ p collisions was well described out to
pr = 10 GeV by a Gaussian distribution in transverse rapigity- 3 In( xtg ) with L ~ 0.51 [28].
While no derivation was given for this phenomenological description, whalds over 10 orders
of magnitude, an argument was made on a similar basis as for the Gaussiarlangitedinal
direction. To see if this function continues to work well at RHIC energids,viiere made in
Ref. [22] to PHENIX° data [2]] and STAR inclusive charged ddta| [28] frgma- p collisions,
which are shown in Fig[]5. Reasonable agreement is found with the ST#Rwdkh L = 0.56,
despite the combination of various particle species, and excellent agreenfeand with the
PHENIX data withL = 0.54, up topr = 11 GeV. Above this value, the data starts to deviate from
the Gaussian, which may imply that the agreement over 7 decades wasdangar perhaps that

different physics may become more important at very tpgl{e.g. highx qqscattering vsgg).

4. Heavy lon Collisions

Moving from elementary collisions to heavy ion collisions brings in a large nuimlsew dy-
namical considerations. The initial state should be characterized bywsbaddgarton distribution
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functions, as well as the nuclear geometry suggested by Glauber caleslakive early dynamics
are driven by hard parton scattering and subsequent reinteraqgtiossiply leading to equilibra-
tion. Eventually the momentum transfers become low enough that hadrontifmnrigapreferred,
and the quark chemistry freezes out, incorporating the thermalized camvksll as the ones from
jet fragmentation. These hadrons themselves may rescatter if the denstmdfariently high,
leading to an eventual thermal freeze-out. Finally, the final-state hadhensselves decay, ei-
ther immediately via strong processes, or over macroscopic distancesakgonwozesses. All of
these stages are in principle independent of the others, and thus calitd aon-trivial energy
and geometrical dependence as the relative contributions of soft adgiwmesses change (e.g.
HIJING [L4]) as well as rescattering in the partonic and/or hadronisghE2p].

And yet, it is not inconceivable that early thermalization may dominate the bg&reables
like entropy production and angular distributions. Elliptic flow results at midigpalready sug-
gest high temperature3y(> 350 MeV) at a thermalization timerd < 0.6fm) far smaller than
hadronic time scales. There is no clear experimental sighature measuiege that excludes the
enormous energy density needed by the initial Landau/Fermi pictugeTeV/fm® at RHIC ener-
gies), except possibly thermal photon rates, which are beginning to munedaat RHIC. In fact, it
has been noted that the rapidity distributions of pions measured by BRAB®®ifid experiments
at lower energies appear to be Gaussian (with possibly some flatterjingn), as seen in Fig] 7,
and approximately follow the Landau predictions from 1955.

The contributions of soft and hard processes are thought to be codtbyllthe number of
participants and collisions respectively, which are typically calculated inlauté&r” picture treat-
ing the nuclei as nucleons following classical paths. This scenario isl lmas®CD factorization
theorems which imply that hard processes of partons become less senditigesoft components
of the nucleon wave function as the momentum transfer grows (a comsasrjaeasymptotic free-
dom). In the infinite momentum transfer limit, the probability of a hard procedsadid scale
with the number of nucleons in the nuclear target seen by a projectile nudlbag, the parameter
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Figure 7: Rapidity distribution of pions measured in A+A by BRAHMS. & mset shows the comparisons
of Gaussian fits over a wide range. gByn divided by the Landau predictiom andau= 109(+1/S/2mp).

Vv = Neoil/(Npart/2) should be visible in the rates of higi particles.

The inclusive pr-integrated) yields of charged particles can be characterized by fol@s”
of thumb” (first laid out in Ref.[[31]). These are useful conceptsifescribing what has been seen,
but in general they should be used with care to extrapolate to highelieseg they are not based
on physical concepts.

e “log-rise” at n = 0: As seen in the left panel of Fif} 8, the inclusive particle density at
mid-rapidity rises approximately logarithmically from AGS to top RHIC energigsis 15
different than the trend seen p+- p collisions, which is more of a power-law, as shown in
the same figure.

e limiting fragmentation : the right panel of Fig[]8 showdN/dn at four RHIC energies in a
Lorentz frame with one of the projectiles at rest. One sees that the yields/ar@nt with
energy when sitting at a fixed distance from beam rapidity, i.@ i N — Ypeam

o Npart Scaling The limiting fragmentation phenomenon seems to hold true for all centralities,
as shown in the right panel of Fig.9 Moreover, decreases at mid-rapiofitgar to be corre-
lated with increases at forward rapidities. These seem to average owtéw-aonstant value
of Neh/(Npart/2) as a function oNpat. Similar phenomena have been seempin A colli-
sions. This suggests a quite limited sensitivitytavhich is surprising in a “two-component”
picture.

e Energy/Geometry Factorization If limiting fragmentation holds true generally, and the
peel-off from the universal curve is roughly at the same point, then therapidity den-
sity will depend only on centrality at all energies. This is seen in the righélpainFig[9,
where the relative changes at mid-rapidity as a function of centrality arelfto be energy-
independent.

10
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These four rules of thumb are merely descriptive, empirical featuresahthitiplicity data.
However, it is straightforward to make connections between them andauankydrodynamical
model.Npart Scaling is simply the scaling of the total entropy with the initial voliwnehich scales
linearly with the overlap. Limiting fragmentation is an “accidental”, but noniijwonsequence
of the Fermi-Landau multiplicity formula and Landau’s Gaussian rapidity didtdbs. The “log-
rise” is not inconsistent with the expectetd*//In(s) dependence, when one takes into account
the role of the suppression of total entropy from the large baryon deatddw energy, as proposed
in Refs.[3b[36]. Finally, the factorization of energy and centrality mightrerstood if one treats
the particle production in transverse cells as scaling Wik but shifted into the center of mass

11
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frame of one of the projectiles or jets (from R[37]).

of the colliding tubes of nucleons, as was done for d+Au collisions (gsosed in Ref.[[32]).

The possible relevance of early thermalizatiorboth A+A and more elementary collisions
makes it interesting to directly compare their entropies, as shown in the ledt piRig.[10. The
absence of a strong centrality dependence makes it possible to caNgpeiepart/2) in A+A with
other systemd[33]. As discussed above, thep data is similar to the™e~ if one takes the/s
to be an effective /Serf = 1/S/2, accounting for the average of the leading particles. This is
assuming that the flatN/dx= distribution is mainly comprised of baryons that do not participate
in the thermalization or subsequent dynamical evolution. Conversely, iuigdfthat A+A and
e"e™ data are similar to one another betwgga= 20— 200 GeV without any other adjustments
except dividing byNpart/2 [B3], as shown in Fifl.10. Given the previous comparisors-gfp and
ete, one particular efficient way to understand the comparisons with A+A isstufzie that the
multiple collisions experienced by each participant¥as 2 — 3 for all centralities considered in
Ref. [33]) essentially stops all of the incoming energy. This alleviates tiirigaarticle effect,
and thus one finds the multiplicity per participant pair to be “universal” witlamlglitional scaling.
Of course, to say that A+A data as showing “full stopping” requires saiméerpretation of the net-
baryon rapidity distributions published by BRAHMS]34]. This author hagested elsewhefe]36]
that net-baryon rapidity distributions displaced frgrm 0 do not require partial stopping. Rather,
they may be indicating how the stopped baryons are distributed in the thermal&éet in the
longitudinal direction at the moment the hydrodynamic evolution begins.

These comparisons are somewhat mysterious if one consitergeactions as involving just
the physics of perturbative gluon radiation, while A+A is usually discugségkrms of a strongly-
interacting partonic mediunf [B8]. These two appear at first glance tornpletely opposite limits
of QCD physics, the very hard and very soft. However, it was mentiabese that parametrically,
MLLA pQCD and Landau hydrodynamics are quantitatively very similar in tloeitput, even
if they do not appear to have similar functional forms. The Fermi-Landanas® would also
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Figure 11: Midrapidity density for A+A,p+ p ande*e™ as a function ofy/s and,/Syn. Calculations of
the Landau predictions are superimposed, each fit to higlygrerA and p+ p data, with points showing
the LHC predictions made in this work. The A+A calculatiomgge®e reasonably while the+ p fit is less
satisfactory over the full range.

naturally predict that the multiplicity should scale linearly with the initial volume, winsatiearly
compatible with (and essentially predicted) the linear scaling of the total multiplicity Mgth
shown above. The same angular distributions as a functiqysqiredicted by Landau also seem
to appear in the elementary collisions as well, as does the phenomenon of limaigmyeintation
(shown in the right panel of Fig[_JL0) which is a highly non-trivial outcorh&andau hydro and
the Fermi-Landau statistical picture. Perhaps it is not necessary toasermelei to achieve local
equilibration. It should be kept in mind that only the first radiations in a haodgss are at a truly
hard scale. Subsequent gluon emissions require the summations ofsstglgenore-complicated
many-gluon diagrams, which perhaps drive the final distributions towamkthing resembling
local equilibrium.

5. Some Predictions for the LHC

The assumption of early, rapid thermalization can be used to make prediatioie fLHC,
as was done in Ref[[B6]. From the basic formula, the midrapidity densitgsespo(,/s) O
st/4/,/In(y/s/2mp) — with no free parameters. Thus, the ratio &= 14 TeV to./s= 200 GeV
in proton-proton collisions will b@o(14TeV)/po(200GeV) ~ 6.1. The ratio of,/Syny = 5.5 TeV to
V/SNN = 200 GeV for A+A (wheregpg is scaled byNpart/2) will be po(5.5TeV)/pp(200GeV) ~ 4.0.
This is shown in Fig.11, which includgs for several types of collisions. Fits of the Landau energy
dependence to data of each type (RHIC data for A+A, NSD UA5 datp fep) have been made,
to account for the differenpr distributions as well as the overall multiplicity scale.

It is interesting that while the formula gets the higher energy RHIC data, #erigéon of the
p+ p andp+ pis less satisfactory, even qualitatively. Unfortunately, there may beadaetors
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which could lead to this. Considering yields at mid-rapidity makes comparisons sensitive

to the details of particle production, both species padlependence. There are also issues to do
with triggering, especially the contribution from diffractive events, whiod ot well understood
theoretically, and are difficult to control experimentally unless one is dgtimeasuring leading
particles. These factors would certainly complicate a trivial application of aémglau formula for
dN/dy in a limited region ofdN/dn. Clearly, the LHC will be an interesting place to test these
ideas over a large range ¢fs.

6. Summary and Outlook

It is argued here that the concept of early thermalization has wide-igmgievance in the
study of multiparticle production. While it seems natural in the context of hé&avcollisions
to believe that the system drives itself towards local equilibrium, it has otemed difficult to
accept the same conclusion for elementary collisions. However, the simitapgrdensity and
longitudinal behavior seen in the full variety of systems makes it tempting to atlydth A+A and
ete” evolve hydrodynamically. It then begs the question of what fundameratid scQCD would
prevent this statement from being true. This is intimately tied to the question afsiigdB9],
as the latter concept is simply connected to the intrinsic mean free path of censifdp]. Of
course, all of this begs the question of how any of this reconnects wittDp®@@ich seems to
generate similar results for many observables sensitive to the dynamidaii@vmf the system
(entropy, angular distributions, etc.).

Whatever the theoretical situation, detailed measurements of similar obseretieher
energies or at higlug should provide crucial new information. The LHC will proviget+ p and
A+A simultaneously, and FAIR at GSI will be specifically devoted to systemslatitie net baryon
stopping and thus highg. In the high,/s sector, one will be testing the abilities of the system to
thermalize, or not, on astoundingly short timescale®d03fm/c). If the KSS bound is proven
to be true in nature, this implies that the intrinsic length scale of the system candberter than
the thermal wavelength, which may run afoul of Landau’s assumptions whefll 1//ms"/4 is
greater than the Lorentz-contracted longitudinal dimendipal (AY/32m,/my) /s'/2. This may
well happen at the LHC, depending quantitively on the thermal constituesgmaendering early
thermalization impossible. In the higls sector one may be able to explore the systematics of
baryon stopping to understand the mechanisms of energy deposition. Ultintatelywould like
to understand all of this physics in relation to the microscopic processgestied by QCD. In
the meantime, the elegant structure of the data itself may well point theory in dedgphew
directions or suggest unexpected connections between various teesniq
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