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The ~s and A dependence of ultrarelativistic pA collisions for energies corresponding to future
collider experiments at RHIC and LHC is studied vrith focus on medium effects that affect the parton
evolution in nuclear matter. Within the parton cascade model the saturation of the parton densities
due to unitarity conservation, the self-contained balance of parton emission and fusion processes,
and the mechanism of dynamical screening of long range interactions are analyzed. The resulting
inclusive spectra and properties of secondary hadrons are discussed in order to extract aspects of
"QCD in medium" from collider experiments.
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I. INTRODUCTION

The relativistic collider facilities, the BNL relativis-
tic heavy ion collider (RHIC) under construction, and
the Large Hadron Collider (LHC) close to approval, will

for the 6rst time provide the opportunity to systemati-
cally study the physics of hot and ultradense matter in
hadron-nucleus (PA) and nucleus-nucleus (AB) collisions
at energies that are orders of magnitude larger than at
current accelerators. The variations in collider energies
and nuclear beams allow a careful analysis of the depen-
dence of multiparticle production on the center-of-mass
energy +s and mass number A. By comparing pA and
AA reactions involving very heavy nuclei, a sensitive ex-
amination of the particle spectra with respect to the kine-
matic variables rapidity and transverse momentum may
be capable of distinguishing basic hadronic eKects that
dominate the dynamics in pA collisions [1],from a quark

gluon plasma (QGP) formation [2] predicted to occur in

heavy ion AA collisions [3]. To gain insight into the un-

derlying hadronic processes, one has to study collisions
that are not expected to lead to a QGP formation.

Here lies the 6rst motivation of this paper, namely to
focus on pA collisions and to investigate the +s and A

dependences of global observables using the parton ca8-

cade model (PCM) [4,5] that is founded on "improved

QCD perturbation theory" embedded in the framework

of kinetic theory. During the last year broad con6dence
has grown that for ultrarelativistic energies at RHIC and

beyond, perturbative QCD provides a good basis for the
description of the global reaction dynamics and not just
for rare Buctuations. Under this premise the PCM has
been used to study primarily AA collisions, addressing
issues of multiparticle production, thermal and chemi-
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cal equilibration, dilepton, and flavor production [6]. To
elucidate how the physics may change when proceeding
from pp to AA collisions, I will turn here to pA colli-
sions within this speci6c model framework, and study
the A dependence by varying A Rom 1 to 238, for two
6xed beam momenta per nucleon, I = 100 GeV and
P = 3000 GeV, in correspondence to the highest avail-

able heavy ion beam energies at RHIC, respectively LHC

[7].
The second motivation to study pA reactions arises

&om more theoretical grounds, but is also of great im-

portance for the experimental concepts concerning de-

tector design etc. Up to now, there is considerable the-
oretical uncertainty in perturbative QCD predictions for

global observables in heavy ion collisions at high ener-

gies, such as particle multiplicities and transverse energy
production, although hadron-hadron collisions at these
energies are very well understood nowadays [8]. The dis-

crepancy between a very accurate description of pp (pp)
data and rather crude predictions for AA collisions is due

to the current lack of better knowledge about the de-

tails of important nuclear and dense medium eKects. It
is neither surprising, nor satisfying, that numerical sim-

ulations with QCD based Monte Carlo models such as
HIJING [9], DTUJET [10], or the PCM, agree very well

in describing pp collisions at collider energies, but diKer

in their predictions, e.g. , charged particle multiplicities
in heavy ion AA collisions, by a factor of 2 or more.

Recently considerable progress has been made in a bet-
ter understanding of the space-time structure of quark
and gluon interactions at collider energies [ll]; however,

one is still far from a complete and detailed picture.
The qualitative picture that emerges [12] is that, at least
for RHIC energies and beyond, most of the entropy and
transverse energy is produced very rapidly after the mo-

ment of nuclear contact, by very frequent, mostly inelas-

tic parton interactions that involve momentum transfers
of only a few GeV. It is realized that these so-called
"semihard" processes [13,14] play the major role for the
nuclear dynamics at collider energies as has been dis-
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cussed in a number of earlier works [15—22]. They can-
not be considered as isolated rare events, but are em-
bedded in complicated multiple cascade-type processes.
At the same time it is found [23] that color correlations
among the initial partons must disappear so rapidly that
the long range color field effectively disappears. Thus
the short range character of the interactions implies that
perturbative QCD can and must be used, and that for
example the string picture does not apply anymore. In
trying to gain a more quantitative knowledge about the
microscopic parton dynamics, the most urgent questions
concern the magnitude of nuclear shadowing effects, the
role of color screening and color diffusion, the impact of
the Landau-Pomeranchuk-Migdal effect, and the influ-
ence of the characteristic interaction times of parton scat-
terings, as well as the formation times for gluons emitted
in bremsstrahlung processes.

One of the most controversial issues is the huge entropy
production due to very intense gluon multiplication in nu-
clear matter [12,24] that is triggered by frequent parton
collisions. In &ee space where the parton evolution is de-
termined unambiguously by squares of 8-matrix elements
that involve integration over all space and time, from the
time of production to the infinite future. Here one deals
with well-defined asymptotic states and the time scales of
the intermediate interactions are irrelevant. However, in-
side nuclear matter the partons are likely to undergo mul-
tiple interactions with the nuclear medium, so that the
integration cannot be extended before the previous inter-
action point, or beyond the current point of time. Within
this context the essential questions are: (i) is there an up-
per limit on the amount of gluon multiplication imposed
by unitarity, (ii) how do the reverse processes of parton
fusion affect the evolution, (iii) what is the effect of De-
bye screening of long range interactions in dense nuclear
matter for nonequilibrium systems, and (iv) what are the
modi6cations of the scattering and emission probabilities
subject to 6nite time scales and short mean &ee paths.
In this paper I will address speci6cally these questions.
I aim to elucidate the importance of a self-consistent dy-
namical parton evolution in both space-time and momen-
tum space and will study how the final hadron spectra
can reflect the structure of parton interactions in the nu-
clear environment of high energy collisions with nuclei.
The results of the calculations generally show that for
pA collisions involving light and intermediate heavy nu-
clei these medium effects have moderate impact, but for
reactions with heavy nuclei the effects become essential
and give rise to a saturating behavior for particle pro-
duction, energy deposition, nuclear stopping power, etc.
For quick reading, an itemized summary of the results
and implications is given in the conclusions at the end of
this paper.

I believe that a systematic study of pA collisions at the
same energies is essential to gain insight into the struc-
ture of the mentioned medium effects, since these are
absent in pp collisions, but become increasingly promi-
nent in pA collisions, and are of major importance in
AA reactions. Hence, by increasing the target mass A
and the collider beam energy ~s in yA collisions, one
may probe nuclear matter as a function of its density

and study the gradually growing impact of medium and
nuclear effects by comparing to pp collisions. Once the
physics of "QCD in medium" is better understood, the
mechanisms of quark-gluon plasma formation and related
collective phenomena in heavy ion collisions can be dis-
entangled &om the basic hadronic efFects.

The paper is organized as follows. In Sec. II the
essential aspects of the "improved parton picture" are
recalled with speci6c focus on ultrarelativistic hadron-
nucleus collisions and subsequently the framework of the
PCM is briefly summarized. Section III is devoted to
the space-time structure of these reactions on the parton
level, namely, the effects of the saturation of the parton
densities due to unitarity conservation, the balance of
emission and fusion processes, and the role of dynamical
screening of long range interactions. In Sec. IV I will
show how properties of produced secondary hadrons re-
flect the characteristics of the preceding parton evolution,
so that experimental analyses of the inclusive hadron
spectra, the average transverse momentum dependence,
and transverse energy production may be able to extract
some of the new aspects of "QCD in medium. " A sum-
mary and conclusion is given in Sec. V.

II. SPACE-TIME DESCRIPTION OF
HIGH-ENERGY pA COLLISIONS

A. The parton picture and kinematics

It is now widely accepted that nuclear collisions at suf-
ficiently high energies can well be described within the
parton picture of hadronic interactions. For comprehen-
sive reviews of the "old" parton model I refer to Refs.
[25—28]. Its modern version [29—32] is based on renor-
malization group improved perturbative QCD [33] and
provides a 6rmly established foundation which supports
the point of view that the major part of the hadronic
cross section, entropy, and transverse energy production,
arise from so-called semihard processes [13,14] involving
very frequent production of minijets [15,19] with a typi-
cal momentum transfer of a few GeV. The applicability
of this picture is controlled by the smallness of the QCD
coupling strength n, (q2), implying q2 & 1 GeV2, and
thus relies on the short distance character of parton in-
teractions for which long range forces and color correla-
tions are irrelevant [23]. This condition is expected to be
well fulfilled in nuclear collisions at the future colliders
RHIC and LHC—at least during the early stage of the
reactions.

In order to apply the parton picture to pA collisions
one has to go into a &arne where both the projectile pro-
ton and the target nucleus are moving very fast, so that
both the proton and the nucleons in the nucleus can be
resolved into individual partons. The visualization of a
nucleon as an instantaneous distribution of partons at
any time requires probing the nucleon over a time dura-
tion and spatial distance small on the scale of internal
motions of the partons. This condition is fu16lled in any
frame of reference in which the nucleon moves almost
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with the speed of light, because the time dilation e6'ect
slows the internal motions such that the wave function of
the nucleon can be described as a simple quantum me-
chanical ensemble of quasireal partons that do not mix
with vacuum Huctuations (except for the slowest gluons
and sea quarks).

It is convenient to choose the nucleon-nucleon center-
of ma-ss frame (c.m.NN) in which each nucleon has the
same value of longitudinal momentum P (see Fig. 1),

P (P) P, ) = —AP,

Pq ——P~ ——0,(s) (&)

so that

4AP2 + M2 (1 + A2) (2)

and
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FIG. 1. Illustration of the "Lorentz distributed contrac-
tion" of proton and nucleus in the c.m. ~~ frame. The inci-
dent proton sees the nucleus as several layers of highly Lorentz
contracted nucleons that are surrounded by a cloud of virtual
gluons and sea quarks.

where A is the nuclear mass number, M~ the nucleon
mass, and P/MN )) 1 is assumed, a requirement which
is certainly satisfied at the colliding beam accelerators
RHIC and LHC. For example, at RHIC, the maximum
P is 250 GeV for p+p, 125 GeV for p+ 0, and 100 GeV
for p+ Au [34]. At LHC one has generally a factor of
30 larger energy available [35].

The choice of the c.m. N~ frame may appear uncom-
mon for proton-nucleus collisions, since up to now pA
experiments are set up as a proton beam incident on a
target nucleus at rest. However, at the collider facilities
RHIC and LHC the situation is quite diR'erent. Both
proton and nucleus beams are accelerated and because
the beams are bunched, the two opposite beams must
have the same Lorentz factor in order to have a station-
ary beam crossing point. Therefore the center-of-mass
energy per nucleon pair gsNN (3), or equivalently P, is
the actual measure of the beam energy. Since gsNN is
set by the heavy ion, it is the same in pA and in AA col-

lisions. In view of this, the c.m. N~ frame is the natural
reference frame for these collider experiments. Although
I sometimes use the notions "projectile proton" and "tar-
get nucleus, " I will generally refer to the c.m.~~ rather
than to the Laboratory frame (Lab), in which the nucleus
is initially at rest, or the overall center of-m-ass frame
(c.m. ), except when stated otherwise. Clearly the free-
dom of choosing a convenient reference frame has only
an operational meaning if all observable quantities are
independent of the particular choice when properly trans-
formed between diferent frames. In the PCM this is the-
oretically guaranteed by the Lorentz invariant form of the
transport equation that governs the evolution of the par-
ton phase-space distributions. In the actual simulations
however this is a nontrivial issue as has been discussed
in Ref. [36].

It is helpful to expose the relation of the c.m. ~~ with
the Lab and c.m. frames. Table I summarizes the kine-
matic connection between the diKerent frames for the
various nuclei A = 1.. .238 and the two beam ener-
gies P = 100 (3000) GeV, corresponding approximately
to the maximum achievable energies at RHIC, respec-
tively, LHC. Note that these beam momenta P trans-
form to about P&"

&
——21 (19000) TeV incident proton

momentum ion the Lab frame. For comparison, at the
currently highest energy pA experiments performed at
the FNAL accelerator, the incident proton has at most

PL &
——800 GeV momentum in the laboratory, corre-(l)

sponding to P 20 GeV for p+ Pb, and it is question-
able if a description on the parton level suffices to account
for the gross features of the reactions (see, however, Ref.
[14] for attempts to extrapolate down to even ISR ener-
gies). In fact, it is expected that P & 100 GeV roughly
marks the energy region where perturbative @CD pro-
cesses are frequent enough to dominate the dynamics over
the underlying soft physics, so that a description based
on the parton picture should be reliable.

I would like to brieBy recall some important dynamical
aspects of pA collisions when described within the parton
picture in the c.m. NN frame [18]. In the c.m. NN frame
the incident proton sees the nucleus as several layers of
highly Lorentz contracted nucleons (Fig. 1) that are sur-
rounded by a cloud of virtual gluons and sea quarks. This
"Lorentz distributed contraction" [16,17] was originally
pointed out by Bjorken [28] as an important property of
partons in high-energy nuclear collisions. When a nucleus
together with its nucleons is accelerated, the positions of
the nucleons and their valence quarks are boosted from
the rest frame of their parent nucleus to the fast mov-

ing kame, with the consequence that the valence quarks
will be localized in a longitudinally Lorentz contracted
region (Az)„=2RNMN/P = 2RN/p (BN and MN
are the nucleon radius and mass, respectively, and p de-
notes the Lorentz factor). The gluons and sea quarks on
the other hand are smeared out in the z direction by an
amount (Az)s, = 1/P, = 1/xP ( 2BN around the va-

lence quarks [4,18], where x is the fraction of the parent
nucleon's longitudinal momentum carried by the parton.
The higher the boost, or P, the smaller the typical x
values of gluons and sea quarks in the nucleon structure
functions, so that these virtual quanta are more and more
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TABLE I. Relation between the nucleon n-ucleon center o-f mass frame (c m. N~), the laboratory frame (Lab) and the overall
center of-ma-ss frame (c.m. ) in pA collisions for the two values of P = 100 GeV and P = 3000 GeV and the various nuclear

targets considered in this paper.

P = P," N
= P,—l.N/A = 100 GeV ( 7(v) —&(&) 106 yam) y(&) —5 3 )

A
1
8

16
32
56

108
197
238

Ps (GeV)
200
566
800

1132
1498
2081
2813
3094

P~~~~~ (GeV)
2.1 x10
2.1 x10
2.1 x10
2.1 x10
2.1 x10
2.1 x10
2.1 x10
2.1 x104

P,~ (GeV)
100
283
400
565
748

1038
1401
1539

P~ —~/A. (GeV)
100
35
25
18
13
10

7
6

Pc.m.

106
38
27
19
14
10

8
7

P = P' = .P' /A = 3000 G V (p'» = p'"& = 3191, y~"l = —yi"& = S.7)

A
1
8

16
32
56

108
197
238

~s (GeV)
6000

16971
24000
33941
44900
62354
84214
92564

P~~"~~ (GeV)
1.9 x10
1.9 x10
1.9 x10
1.9 x10
1.9 x10
1.9 x10
1.9 x10
1.9 x10

P," (GeV)
3000
8485

12000
16971
22450
31177
42107
46282

P,~ ~ /A-(Ge. V. )
3000
1061
750
530
401
289
214
194

Pc.m.

3191
1128
798
564
426
307
227
207

smeared out around the increasingly contracted nucleons.
As a consequence of this property the thickness of a fast
moving nucleus (in longitudinal direction) is never less
than Az I fm. An equivalent picture also applies of
course to a single nucleon. The implication of the Lorentz
distributed contraction is that for boosts greater than a
critical Lorentz factor p, 2.4A~/s (which follows the
knowledge of the nuclear size), the partons roughly fall
into two distinct rapidity regions [28]: The hard partons
with rapidity y yo ——y —lnp, belong to the "naive"
nucleus, where y ln(2P/M~). These partons are
essentially the valence quarks with longitudinal extent
Az and consequently their number is N„ocA. The
softer partons with y & yo belong to the layer of virtual
gluons and sea quarks that couple to the valence quarks
and that coat the surface of the Lorentz contracted nu-
cleus, smeared out over Dzg s Therefore, Ng, (x A /,
rather than strictly proportional to A.

The correlation between longitudinal space-time and
rapidity, already present in the initial state before the
collision, is a very important property that continues to
govern the reaction dynamics up to the formation of 6nal
hadrons, and therefore must be reHected in the inclusive
particle spectra [5]. This issue will be discussed in Sec.
IV A.

tions I refer to Refs. [5,36], respectively Ref. [6]. In or-
der to investigate the space-time evolution of the parton
distributions, one needs to extend the usual momentum
space description to full six dimensional phase-space and
time. EH'orts to formulate a rigorous quantum kinetic
theory for /CD have been made [37], but due to the non-
Abelian character of the theory, a number of unresolved
conceptual and technical problems prevent yet a practi-
cal application to concrete problems. An alternative ap-
proach is realized in the PCM as a semiclassical kinetic
approach based on perturbative /CD and the improved
parton model which evolves the partons' phase-space dis-
tributions in real time and space. The microscopic dy-
namics of the dissipative /CD interactions among quarks
and gluons during the early stage of a nuclear collision is
simulated as the evolution of multiple internetted parton
cascades. The corresponding space-time evolution of the
partons' phase-space densities F (p, r) for the partons of
species a (quarks qy, antiquarks qf, of flavor f, or gluons
g), is obtained by solving a Boltzmann type, relativis-
tic transport equation using Monte Carlo methods. This
transport equation can be expressed in Lorentz invariant
form as [p"—:p = (E,p), r" = r = (t, r), 8„=8/Br"],

B. The parton cascade model

p"B„F(p, r)
processes A;

1(K(p, r)

Let me brieBy review the essential aspects of the PCM.
For a detailed description of this model and its applica-

with a free-streaming term on the left-hand side and a
collision term on the right-hand side,
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) ~-"'9' ") = ) ( &.'~" .~b' ") —&-'~".a) ~))
processes k b, c,d

+ ) ( ."'".~(s' ") — .'"~.ls, ~))+ 0 ('l:".(~, ~) —".~".9,"))
b, c b, c

(5)

This collision term balances the various interaction pro-
cesses k by which a parton of type a with four-momentum

p and position r may be gained or lost in a phase-space
volume d pd r around p and r at time t. The collision in-

tegrals j, k, and 1 are implicitly dependent on the phase-
space densities F and involve "effective matrix elements"
for the various 2 ~ 2, 1 —+ 2, and 2 ~ 1 processes
that are taken into account in terms of the correspond-
ing Born amplitudes plus Sudakov form factors for the
in- and outgoing partons. The explicit form of the col-
lision integrals j, k, l, is given in Ref. [36], where also
the assumptions underlying the transport equation and
its shortcomings are discussed. The time evolution of the
partons' phase-space distributions E (p, r) according to
the kinetic equation (4) can be simulated as a succes-
sion of multiple parton-parton collisions together with
associated radiative emissions (branchings) and absorp-
tion (fusion) processes, once the incoming nuclear parton
clouds begin to overlap and interact.

I would like to stress that a number of important
effects that characterize the space-time evolution of a
many-parton system in nuclear collisions are accounted
for [5,36]: nuclear shadowing effects affecting the parton
substructure of nuclei, the individual time scale of each
parton-parton collision and the formation time of par-
ton radiation, the effective suppression of radiative emis-
sions from virtual partons due to an enhanced absorption
probability of others in regions of dense phase-space oc-
cupation, and the effects of soft gluon interference in low

energetic gluon emissions.
Another important point to be mentioned is the well

known fundamental problem: both the perturbative
QCD cross sections and the amplitudes for parton emis-
sions are plagued by infrared divergences, which must be
regularized. In the PCM this is done by requiring a min-

imum momentum transfer p~o for semihard and hard
parton collisions and a minimum virtuality p,o for par-
ton emissions. These parameters of the model are fixed

by experimental data for the pp (pp) cross sections [38]
and e+e -annihilation [5], respectively. For instance, the
parton-parton cross section for the elementary 2 ~ 2 pro-
cess a+b -+ c+d is divided into a (semi) hard contribution
for scatterings above p~o that is described by perturba-
tive QCD, and a soft contribution for scatterings below

p~o that models the underlying nonperturbative physics.
The parameter p~o is a function of beam energy s and
is parametrized as p~o(s) = a(s/so)s with so ——1 GeV2

and the parameters a = 0.35 CeV and 6 = 0.14 deter-
mined such that the parton cross section at a given s
yields the correct inelastic nucleon nucleon cross section
[38]. The complementation of both contributions renders
the parton cross section da /dp& is well defined for atl p~.

At the end of the perturbative QCD phase the
hadronization is modeled as a recombination of the fi-

nal state partons to form color singlet clusters, followed

by the fragmentation of these clusters into observable
hadronic states. It was demonstrated in Ref. [5] that
the parton cascade model combined with this cluster
hadronization scheme sets a consistent framework to sim-
ulate and study the time evolution of hadron-hadron and
nucleus-nucleus collisions in complete phase-space, from
the first instant of collision to the final particle yield.

III. PROPERTIES OF PARTON CASCADES IN
DENSE NUCLEAR MATTER

A. Unitarity and the saturation of the parton
densities

In the parton picture for high-energy nuclear reactions
a pA collision may be viewed as a diffusion of the par-
tons of the projectile proton, traversing the nucleus and
interacting frequently with partons belonging to differ-
ent target nucleons [14,39]. I will distinguish between
primary and secondary particles: The particles that are
present already in the initial state as part of the proton
and nucleus wave function are termed "primary, " whereas
all particles that have interacted at least once, plus those
that are newly formed during the reaction, are labeled
"secondary. " Thus, a primary parton that belongs to the
initial proton is a spacelike virtual particle, because it
is bound and confined inside the proton. This parton
can become a secondary one by means of a collision with
one of the nuclear partons, because the interaction sets
it free and provides it with enough energy to propagate
as a real, timelike excitation. Such a parton probes the
nuclear environment as it evolves further by initiating a
cascade of secondary partons due to three different types
of interactions with the nuclear medium:

(i) The incident parton can collide with partons of the
nucleus and scatter those out of the coherent bound state
of the nucleon to which they belong; (ii) it can radiate
bremsstrahlung gluons; (iii) it may absorb (fuse with)
partons of the nucleus.

In addition, of course, there will be similar interactions
among partons belonging to different cascades. The so
produced secondary partons will subsequently undergo
the same type of interactions, until all of the primary en-

ergy has been dissipated. The processes (i) and (ii) both
lead to a rapid entropy production by multiplication of
partons that increases the local density and consequently
the probability for rescatterings [12]. This parton mul-

tiplication results in a dense phase-space population at
small energy fractions x && l, corresponding to partons
with comparably small energies of 1 —3 GeV, so that
at some point the probability for a parton to interact
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with this dense parton matter tends to become larger
than unity, which means that the unitarity principle is
violated. This occurs when the partons are so densely
packed that they spatially overlap in transverse direction
[17,40] and the nucleus appears to be completely black.
However, following Levin and Ryskin [14], this unpleas-
ant feature can be resolved by consistently taking into
account the fusion processes (iii): these must become in-

creasingly important as the phase-space density grows,
until a detailed balance between branching and fusion
processes yields a local saturation of the parton density
and stops a further increase. Indeed, such a saturation
behavior has been experimentally observed in pp (pp) col-
lisions by studying the inelastic scattering amplitude as
a function of energy and of impact parameter [41].

At this point I would like to comment on the conven-
tional procedure of unitarization that is commonly used
for the cross section in hadronic collisions [42,43]. In this
approach, the eikonal formalism for the impact param-
eter representation of hadron collisions relates the en-

ergy dependent pp (pp) total and inelastic cross section
with the microscopic parton-parton cross section. Also
in the PCM this procedure is employed [38] in order to
determine the magnitude of the parton cross section and
to define the boundary between semihard and hard per-
turbative processes and underlying soft nonperturbative
processes, as mentioned at the end of Sec. II. For hadron-
hadron collisions this is sufficient, since at present, col-
lider energies in hadronic collisions fusion and absorp-
tion processes are irrelevant. However, when proceeding
to pA or AA collisions, those additional interactions will

play an important role for the particle production, if the
density of partons in phase space becomes very large. It
is one of the main features of the PCM that it indeed
predicts such a density increase as compared to pp col-

lisions. In collisions involving heavy nuclei, one cannot
simply treat each individual parton scattering as an in-
teraction equivalent to a single parton scattering in pp.
This can lead to a dramatic overestimate of the particle
multiplicities, because of the immense gluon multiplica-
tion at small rapidity triggered by multiple scatterings.
To ensure that the additional effects of partons cascading
in a dense nuclear environment do not violate the unitar-
ity principle, a supplemental criterium for unitarization
must be set up.

To be specific: unitarity conservation states that the
sum of probabilities of all elastic plus inelastic reaction
channels must not exceed unity. This requirement can
be ensured by implementing the Gribov-tevin-Ryskin
unitarity condition [13,14]. In order to implement this
condition in the &amework of the PCM, let me intro-
duce the total interaction probability R' of a given par-
ton of species a to collide with another parton around
and r and r + Ar at time t within some time inter-
val t and t + At, where the time is measured in the
c.m. NN reference kame. The interval At must be smaller
than the typical mean free path in order to resolve the
frequency of successive scatterings (in the simulations I
choose At = 10 ~ fm). The parton-parton collision can
either be an elastic scattering with two outgoing partons,
or it may be an inelastic collision in which case there will
be n ) 2 partons resulting f'rom the interaction (see Fig.
2). Thus, the total probability W is a sum of contri-
butions &om scatterings of a parton a with all kinds of
partons b, that become scattering candidates within At.
It is integrated over the volume which the parton a tra-
verses during the time span At, as well as integrated over
the momentum and weighted by the phase-space distri-
bution of those partons b present in this volume (see Fig.
3).

Z+AZ R~
W (p, r, At):= b, t ) dz d r~ w s(p, r, At)

Z 0

~ elastic ~ inelastic

(o)
Mb

FIG. 2. Graphical representation of the "effective" matrix-elements (8), in which each of the particles coming in and going
out of an elementary vertex, is "dressed" with a specific form factor (spacelike S or timelike T) that takes into account the

higher order corrections to the elementary Born terms. The lowest order Born amphtude M &,z corresponds to elastjc 2 ~ 2(o)

scattering, and the form factors inclusively sum up all inelastic 2 ~ n contributions associated with emission of n additional
particles.
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with

1 S b d3pb
u) b(p, r, Et)=, , p&F&(pb, r, t)

2E~ P~Pb j2m j32Eb
3 3

2 2 4

(2 „@,2 „@ ).I~.&~ ~I.rr(I-, p&, q ) h (p-+sb —s. —p~) .

~I.'e = ~-(&- q') ~b(» q')

) .IM.&~.~l'(&. , pb, q')

xT, (q ) Tg(q ) (8)

The lowest order invariant squared matrix elements

g IM~ Il are the well known expressions for the ele-

mentary parton-parton scatterings [44], and the explicit
form of the Sudakov form factors 8 and T are given in
Refs. [5,36]. The form factors represent the nonbranch-
ing probability of the partons coming in (emerging from)
the scattering vertex and take into account the higher or-
der corrections in the leading logarithmic approximation
to the lowest order Born terms. For purely elastic scat-
terings S = T = 1, so that the effective squared matrix

h, z

The structure of the collision probability m b is as fol-
lows. The (2E ) is the flux factor, 8 b = (1+ h b)
is due to the identical particle effect, and the factor
(p pb) comes from averaging over the degeneracies of
the colliding partons in spin and color space (ps

——2 x 8,
p~ = p~ = 2 x 3). The phase-space distribution Fb is
multiplied by the degeneracy factor pb, because one must
sum over spin and color of the partons b. Pauli-blocking
and Bose-enhancement factors for the outgoing partons
c and d are omitted here. Finally, the "effective" squared
matrix elements g IMI2& depend on the invariant mass
s = (p +») as well as on the squared momentum trans-
«r q = (p —p, ) = (»—pq), and are expressed in terms
of the lowest order matrix elements, P IM~ l I2, summed
over spin and color, and are multiplied by S (spacelike)
and T (timelike) form factors for the partons a, 6 coming
in, respectively, partons c, d going out of, the vertex,

element (8) reduces to the elementary Born amphtude
squared. This is graphically illustrated in Fig. 2.

To elucidate the physical meaning of R', consider a
simpli6ed case where the higher order corrections are
omitted and only elastic scattering processes are ac-
counted for. Furthermore, suppose one can approximate
the spatial part of the phase-space density I'b by the av-
erage number of partons contained in AZAR&,

Nb(»R. t)
nb(y, p~, t) =

ZK

1

AzvrR~2

s+Az R~
X dz d Tg p&F&(pb, r'i t)

z 0

that can be resolved by the incident parton a at the scale

p& and that are contained in a disc of transverse radius
R~ and length 6z. [Here p~z denotes the squared trans-
verse component of q

= (ur, p„pz).] The situation is
illustrated in Fig. 3. In this approximation one gets a
rough estimate for W within the interval [z, z + b, z],

where

-, ) .IM.'b' .~ I'( I ' ) 0( —4&' )
dp2~ 16+82

RA

1(

Z

Fb(Eb, pb, r, t )

FIG. 3. A parton a under consideration can interact during
a time span At with all kinds of partons 6, that are contained
in the volume DzvrB& which the parton a traverses within
At. The density of scatterers I'& determines the magnitude of
the interaction probability W .

Approximating the parton-parton cross section by its
small-angle scattering part, i.e. , keeping only the 1/pz
terms which give the dominant contribution at small ra-
pidities and small p& (the semihard region), one finds

W (y, b,z, At)
b,t Nb(y, P~~ ), ton.a2'

G 6 , (12)
Az sr A~2 p2~0

2

with Nb(y, p&, t) = f dpi''N(y, pz', t) The momen-.
tum scale p~0 ) 1 GeV is a parameter that cuts oÃ
the infrared divergence in the cross section for vanishing
momentum transfer and c b is a constant, e.g. , for gg
scattering, c~~ = 9/2. Physically this divergence must
be canceled: In the beginning of the reaction, the inci-
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dent proton sees the nucleus as an ensemble of nucleons,
so that the divergence must be canceled at distances of
a nucleon radius (p2&0 I/R~~), because only a parton
with Compton wavelength A I/p2& that is smaller than
RN can resolve the substructure of the nucleons in the
nucleus and can interact incoherently with the nuclear
partons. At later times, as the coherence of the struck
nucleons in the target is progressively destroyed and local
deconfinement of the nuclear partons occurs, the diver-
gence must be cured at distances of the order of the Debye
screening length [45,46] that naturally cuts off scattering
with large impact parameters (as will be discussed in Sec.
IIIC).

In the simplified form (12), the interaction probability
W is essentially the &action of transverse area occupied
by the partons in a layer Az per one unit of rapidity. To
give an example, let me restrict to gluon-gluon scatter-
ing, since the gluonic processes give the dominant con-
tribution [12,24]. The very first collisions that occur are
primary scatterings between a gluon g of the projectile
proton with a gluon g' of the nucleus, so that for these
processes the number of gluons Ng~ seen by the projec-
tile gluon g can be estimated &om the nuclear struc-
ture functions as [18,40] Ns(y, p&, to) - A zg(z, p&),
where y = in+, A is the mass number of the nucleus, and
g(z, p2&) is the gluon number density in a nucleon. Thus,

Ws(y = inz, b,z, At) = '2
2 Azg(z, p~s)

b, t 9 cr, (p~o)
Z 2 +pJ()

(13)

To obtain a crude estimate, consider a uranium nucleus,
A = 238, with R~ = 7.3 fin at RHIC energy (P = 100
GeV). A reasonable estimate for the gluon number den-
sity in the semihard region (p~ 1 —5 GeV) is zg = 3,
almost independent of z. Taking b,z = b, t = 10 2 fm [47]
and a value of p&o ——1.6 GeV (as in the actual PCM cal-
culations P = 100 GeV) implying a, 0.3, then one gets
W~ 0.1, which is far below the unitarity limit even for
the heaviest nucleus. However, it is already found [12,24]
that during the very early stage of the nuclear collision
(within the first couple of fm), the exponential multi-
plication [39] of secondary gluons produced in frequent
scatterings and gluon bremsstrahlung rapidly increases
the number density at small rapidities easily by an or-
der of magnitude. Therefore with progressing time Wz
will approach unity, or increase even beyond, in which
case one is in trouble because the unitarity principle is
violated.

The unpleasant feature of possible unitarity violation
can be circumvented by the requirement

P=100 GeV P=3000 GeV

O. B

2JBU

10BA

0.4

imum value n&
" and the parton a sees a black wall of

matter in fmnt of it. For even larger densities ng ) n&

unitarity conservation is violated: the matter cannot be
blacker than black, that is, the interaction probability
cannot exceed unity. However, as mentioned before, at
large densities np the partons begin to spatially overlap
in the transverse plane. This means that absorption or
fusion processes become essential. Thus, W gives the
time-dependent probability for the fusion of a given par-
ton a with some other parton b, depending on the local
density np and the scale of interaction, p&.

The practical implementation of this concept in the
PCM is done in the following manner. The time evolution
of the parton cascade development is traced in discrete
time steps At = 0.01 fm and after each time step a profile
of the phase-space densities F~ is calculated by dividing
phase-space in cells and estimating the local density of
quarks and of gluons in each cell [6]. Within a given time
step At, for each parton a that is a potential candidate
for a collision with some other parton b, the total low-

est order 2 ~ 2 parton-parton cross section plus higher
order multiple emission probabilities are evaluated, as de-
scribed in Ref. [5]. Then W is calculated according to
the full expression (6) and with probability W the par-
ton a will undergo a 2 ~ 1 fusion with the other parton b,
and with probability 1 —W it will be an elastic (2 i 2)
or inelastic (2 -+ n) scattering with n & 2.

In Fig. 4 the time evolution of the probability W~ for
gluons at small rapidities ~y~ ( 1.5, obtained &om the
PCM simulations of pA collisions with P = 100 GeV and
P = 3000 GeV, where P is defined in Eq. (1). The quarks
and antiquarks play a minor role here, so that W~ can be
identified with the total W = g W . Common to both
beam energies is that for light nuclei A 30 the fusion
probability is only 0.2 —0.3, but it already reaches more
than 70%%uo for nuclei around A = 100, and 90'%%uo, respec-
tively 100'%%uo for 2 U at P = 100 (3000) GeV. It is also
interesting that the time it takes to increase Wg &om 0.1
to 0.9 of its final value is typically a factor of 2 smaller at
P = 3000 GeV than at P = 100 GeV. Furthermore, at
fixed P this time scale decreases significantly when pro-

W (y, z, At) & 1 (14)

The physical meaning of this constraint is very simple.
Since R' is proportional to the rapidity density of scat-
terers ng, the relation W &( 1 will be satisfied as long
as np is suKciently dilute. On the other hand, when W
approaches 1, the probability for the parton a to interact
becomes unity, because the density np reaches its max-

2 0
K (frn)

1 2
t. (frn)

FIG. 4. Increase of the interaction probability W~ for glu-
ons to fuse at small rapidities ~y~ ( 1.5, obtained from pA
simulations at P = 100 GeV and P = 3000 GeV on the basis
of Eq. (6). The time t is measured in the c.m. N~ frame.
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ceeding from S to U nuclei. Note that the saturating
behavior that is evident even for, e.g. , S although TVg

is far from unity, results from the fact that the duration
of the reaction is the smaller the lighter the nucleus is, so
that the partons naturally cease to interact (except for
some small amounts of residual interactions) when the
system flows apart before it finally hadronizes.

B. Soft interactions versus perturbative parton
fusion

densities, involving mostly soft partons with comparably
small transverse momenta (of a few GeV), the parton
densities must saturate locally at some value p~p [cf. Eq.
(9)]. This issue was investigated in detail by Levin and
Ryskin [13].The authors presumed that for pp (pp) colli-
sions the characteristic value pro is the typical transverse
momentum of partons at the point when the fusion prob-
ability W, Eq. (6), approaches unity. They found a beam
energy dependent behavior

p~p = Qp + A exp(2. 52Vlns)

It is a well known fundamental problem that the per-
turbative @CD cross sections are plagued by infrared di-

vergences, which have to be regularized. In the PCM
this is done by introducing a scale p&0 that separates the
perturbative regime from the nonperturbative domain.
Accordingly the total invariant cross section for the scat-
tering of two partons a and b is represented as [5]

2~J 0 do soft
~-h(s Pip) = ) 2

~

aha cd

p pg

OO d" hard

dp~ )
(i5)

2b

~&
mn

&I

5 'o )
(16)

where a = 0.35 GeV/c, b = 0.14, sp ——1 GeV2, and

gs~~ ——2+a/(A + B) is the center-of-mass energy per
nucleon pair.

Now I will argue that the unsatisfactory model phe-
nomenology of nonperturbative soft interactions can be
traded against a parameter-free perturbative description
of parton-parton fusion. In the previous section I ex-

plained that the unitarity constraint limits the growth of
the number of partons and ensures that the total inelastic
cross section does not violate unitarity. As a consequence
of increasingly prominent parton fusion processes at high

Here p& is the relative transverse momentum produced
that defines the interaction scale, s, t, and u are the usual
Mandelstam variables and the sum over c, d corresponds
to summing over all possible reaction channels (i.e. , final

states). The differential cross sections der'&', &/dp& are
given in Ref. [36] and for do "h'~,&/dp~& the standard ex-

pressions in the literature [44] are employed. To render
o h(s) finite, the p~ range is divided by an invariant scale

pgp such that for p~ & p~p the perturbative @CD cross
js applied whereas for ~i ( p

nomenological, exponentially damped (as p~ ~ 0) soft
cross section o'&a,& is employed [5]. The scale p~p is a
parameter of the model that determines how much of the
cross section is assigned to truly perturbative @CD pro-
cesses. Its value generally depends on the beam energy

~s of the nuclear collision system A + B and is taken
from the following parametrization [38], obtained from
an analysis of the measured pp (pp) cross sections up to
TeV collider energies,

with the parameters Qp
——1.4 GeV and A = 52 MeV

determined from fitting the inclusive hadron spectra at
the CERN pp collider. For example, the values of pro for

pp collisions at 200, 1800, and 6300 GeV are bio ——2.0,
3.3, 4.7 GeV, respectively. This is rather similar to the
parametrization (16) of the parameter p~p in the PCM,
which gives the corresponding values pip = 1.6, 2.S, 4.1

GeV, respectively. Therefore it seems plausible to iden-

tify bio with the lower bound of bio and associate with it
the characteristic momentum scale below which the par-
ton fusion processes occur with probability R™'1 and
guarantee a constant behavior of the parton densities for

pi + pi0.
From this point of view it is suggestive to replace in the

PCM the model-dependent soft scattering processes by
parton-parton fusion processes within perturbative /CD.
These 2 + 1 recombinations are treated on the same
footing as the perturbative 2 —+ 2 parton-parton scatter-
ings, as explained in Ref. [36]. Thus, rather than trying
to mimic the underlying soft physics phenomenologically,
all parton interactions are treated now on an equal ba-
sis, within perturbative @CD and the statistical parton
picture. Note that only fusion processes among timelike
partons are taken into account, recombinations between
partons in the nuclear structure functions have been es-

timated to be negligible at the energies considered here

[40]. As explained in the preceding section these per-
turbative fusion processes can also occur in the regime

p~ ) p~p with the probability W, Eq. (6), that varies

between 0 in vacuum and 1 in ultradense matter. How-

ever for pi & pio, the fusion probability W is assumed
to always equal 1, so that the only way two partons can
interact is by fusion. This naturally leads to a satura-
tion of the parton density around the particular value of

p~p that corresponds to the beam energy +s according
to (16). The infrared divergent behavior of the pertur-
bative parton-parton cross section is then regularized by
the parton dynamics itself.

In Fig. 5 the differential parton-parton cross section,
summed over all particle species and interaction channels,

do ) do'cg

pi pJ

where o h is defined in (15), is shown for P = 100 GeV
and P = 3000 GeV versus the relative transverse momen-

tum pi associated with the interaction in the center-of-
mass frame of the parton pair. It is evident that the
infrared divergence at pi ——0 is damped out and renders
the cross section finite for any pi. It is peaked around
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If this is the case, it now has to be checked, (i) whether
the partons a and b will pass their point of closest ap-
proach, and, (ii) if this distance of closest approach is

smaller than b
&

. In the center-of-xnass kame of the
partons a and b, their momenta are p, and —p,
respectively, and the distance Ar = r —rp in the lab
frame becomes in the center-of-mass frame Ar,
(p —1)(Ar .p/p) p/p + b,r, where j = (1 —p2) 1~2 and

P is the velocity of the center-of-mass of a and b. Thus
the two partons will collide within the time interval b, t/2
and +At/2, if (i)

+ '
I

(22)
Pc.m. (E1c.m. E2 c.m. j

FIG. 5. The differential parton-parton cross section (18),
summed over all particle species and interaction channels, for
P = 100 GeV and P = 3000 GeV vs the relative trans-
verse momentum p~ associated with the interaction in the
center-of-mass frame of the parton pair. The cross section
is peaked around the energy dependent p&0 value (16) which
characterizes the typical momentum transfer at a given beam
energy, and is damped at p~ ~ 0, avoiding an infrared diver-
gence.

the energy-dependent p~0 value (16) which characterizes
the typical momentuxn transfer at a given beam energy.
Of course the scale parameter pro still enters as the de6n-
ing lower boundary of the perturbative /CD domain and
remains an unsatisfactory arbitrariness. In the following
section I will argue that the value of p~0 can be esti-
mated self-consistently from the parton evolution itself,
provided that the local parton density is large enough to
screen the long range color forces which are the origin of
the singular behavior of the cross sections.

C. Dynamical screening in parton-parton collisions

To determine whether a given parton a will collide with
some other parton b within a time step At, for all possible
collision partners b the total perturbative cross section in
Born approximation,

and if (ii) [48]

2Ar, p,
pc.m.

(23)

Now the crucial point in this approach is that the max-
imum allowed impact parameter (20) depends sensitively
on pro, because the cross section 0 g rises at small mo-
mentum transfers as I/p&0. Therefore already a small
variation of p~0 results in a sizable change of the colli-
sion probability, since the effective interaction area varies
as z(b s )2 = o s(s, p2&0). However, this sensitivity can
be overcome, provided the density of scatterers is suffi-
ciently large, by implementing a dynamical screening of
the divergent long wavelength contributions to the inter-
action probability. The previous method in the PCM of
selecting for the given parton a a collision partner was
to choose the 6rst encountered parton b that satis6es the
conditions (22) and (23). That coxnpleted the search for
parton a, since each parton can only have one collision
partner within At. Instead of employing this rather ar-
bitrary selection procedure, I now propose the following
prescription. All possible collision partners b are consid-
ered equal candidates for the actual scattering pair a and
b. In case there is more than one collision partner for a,
the one with the minimum impact parameter

ghard
~-s(s»0) = ). p', E "pi

b I,
' —— min [ b b ]b=l, ...,n

(24)

bmax( 2
)

aS( &+1 0)
7r

ab pJ 0 (20)

which sets the xnaximum allowed impact parameter for
the parton pair under consideration. Thus, in a given
time interval At the two partons can only collide if the
distance d g between them satis6es

hami~
. bm~ 2 + ~t 2 (21)

is calculated by integrating the lowest order difFerential
cross sections [44] over the kinematically allowed range
and summing over all 6nal states. This cross section is
used to de6ne an efFective area of interaction with radius

is chosen, where n is the number of potential candidates
b that satisfy (22) and (23). This is illustrated in Fig.
6. In nuclear collisions, pA or AB, involving at least
one heavy nucleus (A )) 1), the population of partons
in the central region becomes very dense [6], so that the
probability of 6nding n ) 1 collision candidates is almost
unity. In particular, if n » 1, then

bmin
ab ((

bmax (p2 )
(25)

and a variation of the parameter p~0 that leads to a sig-
ni6cant change of b &, say by a factor of 5, does not
afFect the choice of the actual collision partner b for the
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FIG. 6. Illustration of the prescription for choosing for a
given parton a the collision partner b. Of all potential scat-
tering candidates b contained within the effective interaction

P

area vr(b ~"), given by the cross section o q(pro), the one
with the minimum impact parameter b &" is selected.

parton a with b b
——b b". The parameter p~o loses its

sensitive influence and the in&ared divergence of the cross
section o. b is naturally cut oH' at

1 '

0 0. 1 0.2
i (Im)

0 0 1 02 0'3
b (Irn)

FIG. 7. Time evolution of the impact parameter distribu-
tion of parton-parton collisions dN' "/db in p+ Au col-
lisions at P = 100 GeV, respectively P = 3000 GeV. The
three histograms in each plot refer to the different time spans
0 & t & 0.5 fm, 0.5 & t & 1.2 fm, and 1.2 & t & 3 fm, where t
refers to the c.m. ~N frame and t = 0 is the moment of nuclear
contact of penetration.

1
(»io)-s = b,„&pro

ab
(26)

In other words, the long range part of the Coulomb-type
color field is screened below (p~o) vert s. Thus, each colli-

sion pair has its individual value of (pro) s depending on
the local density of surrounding partons. Consequently,

A

when selecting the scattering angle 8, for a chosen sub-

process ab ~ cd &om the probability distribution

=-(pi) = 1

+ah~cd ~+'2&0) ob

the small-angle scattering is bounded by cos8, & 1—
2p~zo/s, which is set by the dynamics of the parton system
itself and not by an "external" parameter.

In Fig. 7 the time evolution of the impact parameter
distribution of parton-parton collisions dX' '/db is corn-

pared for the case of proton-gold collisions at P = 100
GeV, respectively P = 3000 GeV. The three histograms
in each plot refer to the different time spans 0 & t & 0.5
fm, 0.5 & t & 1.2 fm, and 1.2 & t & 3 fm. As before,
t refers to the c.m. NN &arne, and t = 0 is the moment

of penetration. Figure 8 on the other hand shows the

A dependence of the average impact parameter (b), ob-
tained &om accumulated statistics of all parton-parton
scatterings during the erst 3 fm in pA collisions at the
two considered energies. The most evident features are:

(i) There is a characteristic evolution pattern in both
the width and the height of the impact parameter distri-

butions dN' 'i/db, which starts with a fiat distribution,
that subsequently steepens and contracts in width, and
Anally flattens out and becomes broader again;

(ii) the values of (b) change insignificantly for light
nuclei (A & 32), then significantly decrease roughly as

A / as one proceeds to heavier nuclei, and finally seem

to saturate for very heavy nuclei.

I I I I I l I I | I I I I /li

0. 1

P=3000 Ge

oL
1

I I I I I I I

10 100
mass number A

FIG. 8. Dependence of the average impact parameter (b)
on the mass number A in pA collisions up the first 3 fm af-

ter the interpenetration of the proton for the two considered
beam momenta P = 100 GeV and P = 3000 GeV.

The point (i) can be understood as follows. The rather
flat impact parameter distribution during the early stage
0 & t & 0.5 fm (dotted histograms in Fig. 7) is generated

by mostly primary parton-parton scatterings for which

the typical impact parameter b is of the order of b "(pz),
Eq. (20). At this point the initial nuclear parton density,
taken &om the nuclear structure functions, is yet too di-

lute to provide a dynamical screenr'ng. The average (b)
that corresponds to these early collisions is about 0.18
fm for P = 100 GeV, and 0.12 fm for P = 3000 GeV.
These values reflect the typical geometric parton-parton
cross section. During the second stage 0.5 & t & 1.2 fm

(dashed histograms) the parton density increases signifi-

cantly due to intense gluon bremsstrahlung initiated by
the comparably hard primary scatterings. This not only
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increases the interaction probability as obvious &om the
height of the distributions, but also parton scatterings
are now clearly affected by the screening mechanism, and
the values for (6) during this stage decrease compared
to the first stage to 0.11 (0.08) fin for P = 100 (3000)
GeV. The third stage 1.2 ( t ( 3 fm (full histogram) is
dominated by scatterings involving momentum transfers
around p~o that are mostly elastic and do not contribute
to additional particle creation. In fact, most of the initial
energy is dissipated at this stage and the matter becomes
more dilute by streaming apart. This is reflected by an
increase of (5) compared to the second stage, namely now

(5) 0.13 (0.10) fm for P = 100 (3000) GeV.
The observation (ii) is consistent with what one would

expect &om the following geometrical consideration. As
explained in Sec. IIA, due to the Lorentz distributed
contraction, the longitudinal size of a fast moving nu-
cleus is always 1 fm. Now the number of nucleons that
would fit in a slab of 6z = 1 fm in longitudinal direc-
tion is 2rp/(p 1 fiil), where 2ro is the average separation
between two nucleons in the rest &arne of the nucleus
(see Fig. 9). Thus, one can introduce an efFective mass
number

pAz
A,g

2FO
(2S)

and an effective nuclear density along the beam axis,

(29)

where p = P/MN is the Lorentz factor of a nucleon in
the c.m. ~~ &arne and po is the normal nuclear density.
The factor 3/2 accounts for the fact that the density in
the middle of the compressed nucleus is larger than on
the edges, rather than being homogeneous. This formula
is valid only for asymptotically heavy nuclei, because it
assumes that the contracted nucleons to fill the entire
range Az = 1 fm, which for example, would imply for
P = 100 GeV a mass number A = (p/ro)s 1 fms
6 x 10 . For finite nuclei, one has instead

P
MN

hz=1 fm

FIG. 9. The incoming proton sees the nucleus in longitudi-
nal direction as a layer of Lorentz contracted nucleons (valence
quarks) that are coated by clouds of gluons and sea quarks
such that the longitudinal size of the nucleus is about Az 1
fm. The average longitudinal separation between the nucle-
ons however is 2ro/p, which is very small compared to Az for
large boosts p.

(2R /p& 2 p
Az y Az (30)

which increases as A / but must approach ppo ——const.
for A + oo and fixed energy. Consequently, for the par-
tons in the incident proton the nucleus appears as a disc
with scattering centers (the nuclear partons) that define

an effective interaction area vr(b )p,~/b, z 1. Therefore

(i') =
p,H (A)

(31)

which implies (5) oc A
The essence of the results of Figs. 7 and 8 is that

the screening mechanism explained before indeed cuts
off scattering at impact parameters 6 ( 6 which is
determined by the parton dynamics. Thus (5) can be
associated with a screening length. In plasma physics
the natural regularization of Coulomb-type in&ared di-
vergence is provided by the Debye screening length A

[45]. Therefore an identification of (b) with A+ appears to
be plausible. However, the simple screening mechanism
developed here, is a concept that is valid for any high
density sytem, i.e., no assumptions about specific matter
properties, in particular about thermal or chemical equi-
librium are necessary. Nevertheless it is satisfactory that
the extracted values of (b) coincide approximately with
results for the Debye screening length A+ in a quark-
gluon plasma [46] formed in heavy ion collisions at RHIC
and at LHC with typical values A+ 0.39 (0.13) fm at
P = 100 (3000) GeV [49].

IV. HADRONIC OBSERVABLES

The results that I will present in the following were
obtained by hadronizing the final parton configuration
at time t = 3 fm in the c.m. NN &arne, after the ini-
tial contact of proton and nucleus, by using the cluster
hadronization scheme described in Ref. [5]. I calculated
the spectra of hadrons produced in pA collisions for the
beam energies and nuclei considered before, namely at
P = 100 GeV and P = 3000 GeV for p+ p up to p+ U.
It was averaged over impact parameters 0 & 6 & et R&.
In the c.m.~~ &arne the partons of the initial proton
and nucleus are smeared out around rapidities yz ——+5.3
(+8.7) and y~ = —5.3 (—8.7) for P = 100 (3000) GeV,
respectively. What is usually termed "mid-rapidity" is
the central region around y = 0. The hadronization
model is based on a recombination of the final state par-
tons to color neutral clusters that independently &ag-
ment and form hadronic states. The secondary partons
in the central rapidity region form the "central" clusters
that result essentally in a pionization, whereas the spec-
tator partons that have not participated in any interac-
tions, are reassembled to form "beam" clusters giving the
leading hadrons and containing most of the baryon num-
ber. This phenomenological hadronization is completely
independent &om the preceding parton cascade evolu-
tion in the sense that it may be replaced by any other
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suitable hadronization pattern. The cluster hadroniza-
tion used here has been shown [5] to reproduce a broad
range of experimental data on hadron production in e+e
annihilation and pp collisions at collider energies. The
main assumption is the universality of the hadronization
mechanism, i.e., that it should be independent of the
specific reaction. However, in pA and AA collisions it re-
mains an open question, how medium and nuclear effects
may modify the formation of asymptotic hadron states
in dense matter. This concerns particularly the particles
emerging from the nucleus fragmentation region, which-
in the rest frame of the nucleus —are formed inside and
may be subject to rescattering and hadronic cascading.
These effects are not included in the PCM. Instead, once
a hadron is formed, it propagates freely and follows a
decay chain to yield its asymptotic state. Because this
picture is most likely to be justified in the central rapidity
region, where the hadrons are formed after the leading
projectile and nuclear remnants have escaped, I will focus
on the "pionization" region around zero rapidity.

A. Multiplicities and rapidity spectra

Let me now turn to the question of how the properties
of parton interactions discussed in the preceding Secs. II
and III might affect hadronic observables. Already in the
pre-/CD days of the "naive" parton model [25,27,28] it
has been realized that high energy pA collisions can be
used as a good probe for the space-time structure of the
underlying microscopic parton dynamics. The qualita-
tive picture sketched in Sec. IIA and Fig. 1, in which
the colliding proton and nucleus are viewed as strongly
contracted pancakes of valence quarks surrounded by
clouds of virtual gluons and sea quarks, suggests that
this property should be reflected by two characteristic
rapidity domains observable in the inclusive spectra of
secondary hadrons [28], namely y ) yo and y ( yo, where

yo ——y~+ 2.4 ln A+ 1.7 [39] and y~ = —5.3 ( —8.7) is the
nuclear beam rapidity at P = 100 (3000) GeV. The re-
gion with y & yo characterizes the domain where partons
of the initial proton that penetrate the nucleus are ex-
cited by the layer of gluons and sea quarks around the
contracted nucleons (valence quarks) of the nucleus, in
the same way as they would be excited were there a single
nucleon instead of the nucleus. The nucleus acts as a co-
herent target and therefore the spectrum of leading parti-
cles from the projectile fragmentation should be the same
as in a nucleon-nucleon collision. The region with y ( yo,
on the other hand, is dominated by the excitation of the
slow partons of the nucleus due to the penetration of the
proton. These excited partons are subject to rescatter-
ing and cascading due to the presence of the surrounding
nuclear matter. Thus, there should be an enhancement
in the multiplicity of formed hadrons when compared to
nucleon-nucleolj. collisions. Such a two-domain structure
in the inclusive rapidity spectra is indeed observed at cur-
rently achievable beam energies [1]. However at RHIC,
and even more at LHC, where the beam energies for pA
collisions are by orders of magnitude larger, the spectra
might look rather different, as I will discuss now.

The dependence of the multiplicities of produced
charged particles on the rapidity variable y and the nu-

clear mass number A is exhibited in Figs. 10 and 11 for
P = 100 GeV and P = 3000 GeV, respectively. In Fig.
10 the A dependence of the rapidity density d¹& jdy
of charged hadrons in the central region around y = 0
is plotted. The solid lines with full circles display the
results of the calculations including the effects of par-
ton saturation and dynamical screening discussed before,
whereas the dashed lines with open circles display the ne-

glect of these effects. In Fig. 11 the rapidity spectrum
in p+ Au collisions is shown. The main observations
from these plots are:

(i) The multiplicity of secondary hadrons with ~y] ( 2

(more than 80'%%uo percent of which are pions) shows for
light nuclei a strong increase Ao s2 (Ao ss), but for
A & 40 the multiplicity growth becomes progressively
slower, tending to a Ao s (A ) behavior for P = 100
(3000) GeV. The comparison between the full and dashed
curves shows that parton saturation and screening effects
significantly reduce the particle production the more the
heavier the nuclei. For U the relative suppression is
about 15 (20)%%up, and for very heavy nuclei (A & 200) the
multiplicity growth around y = 0 clearly saturates.

(ii) The height of the prominent peak in the central ra-
pidity region implies a substantial enhancement of parti-
cle production in p+ Au collisions by a factor of 6.5
(7.5) as compared to pp collisions at the same P = 100
(3000) GeV. In the projectile region y + 4 (6), the ratio
B'" 1, i.e., the spectrum is similar as in pp collisions.
In the nucleus fragmentation region y & —3 (—5) there
is only a comparably small multiplicity increase due to
the breakup of the excited nucleus.

The observation (i) deviates clearly from the common
expectation that the cross section for particle production
in pA collisions can be represented by a power depen-
dence

dsp i, A2p dsp

0 &1 I I I I I I I
f

I I I i & I I I I
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FIG. ].O. Rapidity density dN'~ jdy of charged hadrons in

the central region around y = 0 vs mass number A in pA
collisions at P = 100 and P = 3000 GeV. The curves full

circles include the effects of parton saturation and dynamical
screening, whereas the curves with open circles result from

neglecting these effects.
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with a parameter n = a(y, p~) that is independent of A.
For theoretical analyses it is convenient to write

2a= —+b,
3

where the 2/3 is of purely geometric origin, arising from
integration over impact parameters, and b = b(y, p~)
parametrizes the nuclear medium efFects. For a simple su-
perposition of independent collisions between projectile
and the nucleons in the nucleus one would have b = 1/3,
whereas b ) 1/3 (b & 1/3) reflects the amount of rescat-
tering (shadowing). The form (32) implies for the ratio
of multiplicities

FIG. 11. Rapidity dependence of the ratio (32) of the in-

clusive charged hadron spectra in pA to pp collisions at the
same energies corresponding to P = 100 (3000) GeV.

for collisions with light nuclei due to cascading partons,
becomes more and more moderate as A increases.

The property (ii) is elucidated by Fig. 12, where I
show again for p+Au the time evolution of the rapidity
distributions of secondary partons (those that have in-
teracted at least once). The final parton distributions
(full histograms) are the spectra just before hadroniza-
tion which lead directly to the hadron spectra of Fig. 11.
Evidently, particles produced closest to the nuclear beam
rapidity y~, i.e., with y & y~ —3, result &om comparably
hard parton collisions at early times t ( 0.5 fm, involving
large p2& transfers and short time scales 1/p~. These
are the leading particles, the multiplicity of which is pro-
portional to the volume of the nucleus. %ith progressing
time the presence of the nuclear matter manifests itself in
the growing population at smaller rapidities, and shifting
towards y = 0. The slower secondary partons produced
by preceding parton collisions and gluon bremsstrahlung
have a large probability to rescatter and to radiate even
softer particles. It is interesting to note, that on one hand
the typical time scale associated with the softer parton
collisions and emission processes increases, so that ad-
ditional gluon production is suppressed [5] due to the
Landau-Pomeranchuk-Migdal efFect and soft gluon in-
terference. On the other hand, multiple scattering and
parton emission is still efFective enough to enhance the
population of the central rapidity region compared to pp
collisions, as seen &om Fig. 11.

At this point I would like to add two remarks.
(1) According to the data analysis of Ref. [1] of mul-

tiplicities of produced particles in pA collisions at much
lower energy, the multiplicity growth with A is, when
Parametrized as dNPa /dy = A dNP&/dy, obtained as

dN„'~,/dy
&~',~, (y) = qN".~'/q

pX,
(34)

I

I
I

"t&0520—---t & 18

I I I

fm

fm P=100 GeV

The parametrization (32) or (34) with an A-independent
n or b flt experimental data astonishingly well over large
A ranges and for very difFerent experiments. In con-
trast to such a simple behavior, Fig. 10 shows a non-
trivial A-dependence which corresponds to a decreasing
b as the nuclear size is increased: from b 0.62 (0.65)
for A & 40 down to b 0.33 (0.15) for A & 200. The
reason for this is twofold. First I note that included in
the calculations [5] are a number of effects as, e.g. , par-
ton shadowing in the initial nuclear structure functions,
the Landau-Pomeranchuk-Migdal efFect, interfering low-
energy gluons, etc. , which generally suppress the produc-
tion of slow partons in parton cascades as the the local
density increases with A and with beam energy, or P.
Second, with increasing nuclear size, the growing impor-
tance of parton fusions and screening efFects, as discussed
in Sec. III, results in an additional suppression of particle
production at small rapidities. For heavy nuclei, the sat-
uration of the parton densities is refIected by a shadowing
behavior (b ( 1/3) for the charged particle multiplicity
d¹&/dy at central rapidity. Therefore it is rather plau-
sibje that the intense particle production, characteristic
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FIG. 12. Time evolution of the rapidity distributions of
secondary partons in p+Au. The three histograms in each
plot refer to the accumulated multiplicities up to t ( Q.5
fm (dotted), t ( 1.2 (dashed), and t & 3 fm (solid). The
final parton distributions (solid histograms) are the spectra
just before hadronization which lead to the charged hadron
spectra of Fig. 11.
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0.7 at central values of the center-of-mass rapidity
of the pA system. Compared with this value, the calcu-
lated A-dependence in the paper is consistent for light
nuclei with o. = 0.65, however, it progressively deviates
by tending to smaller values for heavier nuclei. Thus in
the calculations there is no trivial A scaling with a con-
stant o, , as it is usually assumed. This effect may be
interpreted as follows: at current energies I believe one is
in the regime where the nuclei in pA collisions in terms of
their partonic content appear still rather dilute. This sit-
uation corresponds to the lightest nuclei in the PCM at
collider energies. These systems are in a sense not too dif-
ferent &om pp and therefore the approximate agreement
for the o.-dependence between experiment and PCM is
plausible. However, the heavier the nuclei, the more es-
sential becomes the parton multiplication due to inten-
si6ed parton cascading which increases the local density
very fast to high values so that density effects effectively
lead to a suppression of additional particle production.
Thus for heavy nuclei the multiplicity increase is consid-
erably slowed down due to dense medium effects.

(2) In con&onting Figs. 11 and 12, it becomes evident
that there is a direct correlation between the rapidity
and the longitudinal space-time evolution [28]. On the
one hand the variable y measures the longitudinal extent
Az of the system, since due to Lorentz contraction, Az
is the smaller, the larger y is (cf. Sec. II A). On the other
hand, particles with large rapidity emerge from the very
early stage (t & 0.5 fm) of the reaction, while particles in
the central region at small rapidities are produced during
the later stages. Thus, by measuring the rapidity spec-
tra of produced secondary hadrons, one may not only
probe the density of the nuclear medium, but also obtain
information about the collision dynamics in space-time.

B. Average transverse momentum, transverse
energy, and inelasticity

In hadron-nucleus collisions the increase with A of the
average transverse momentum per secondary hadron is
usually estimated [1] by considering that each additional
nucleon of the nucleus that is struck and broken up adds
some transverse momentum to the accumulation of (p~&),
Therefore if (p~&) v (v the average number of struck

nucleons), and v Ai~s, as observed in pA collisions at
lower energies, one would find that (pz) Ai~s. This
picture translates on the parton level to the evolution of
parton cascades in which each additional parton collision,
emission, or fusion, produces a small transverse momen-
tum kick that accumulates in the average (p&) and leads
to a diifusion in p~ space [14,27]. Intuitively one would
guess, that for multiple independent collisions in the ab-
sence of collective effects, (@2&) would scale with the nu-

clear radius oc A i, or (p~) oc A ~s. Looking at Fig.
13, where the calculated average (p~)'" per secondary
charged hadron is plotted versus A, one can extract:

(i) The average (p~)'" per particle increases oc A with
n = 0.11 (0.18) for P = 100 (3000) GeV which is close to
a A ~ scaling. This growth pattern is however nontriv-
ial. It is strongly correlated with the amount of particle

0.6 I I I I I I I I[:P=-100 GeV
0.55
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I
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I'IG. 13. Nuclear dependence on the mass number A of the
calculated average (pi )'" per secondary charged hadron in

pA collisions at P = 100 Gev and P = 3000 GeV.

2miE~ —) p~,. 1 +
pz

(35)

production by cascading partons. The latter increases
the slower with A the heavier the nucleus (Sec. IV A),
so that for a Gxed amount of total transverse momentum
produced, the average (p~)'" per particle is enhanced.

I would like to add a comment with regard to cur-
rent experimental knowledge of high-energy pA colli-
sions at the FNAL accelerator. The A dependence of
(p~)'" is consistent with the measurements of the parton-
parton dijet cross section in the Fermilab experiments on
proton-nucleus collisions with pi, ~b = 400 GeV [51] and

pi, ~b = 800 GeV [52] proton momentum incident on the
nucleus at rest. A comparison with the data may be a bit
far fetched, because these beam momenta are orders of
magnitude smaller than the collider energies considered
in the calculations here (cf. Table I). Nevertheless it is
worth mentioning that in the experiments the average
transverse momentum per outgoing parton was observed
(extracted &om the hadron spectra by means of a jet
finding algorithm) to increase as A with n = 0.11—0.16
which indicates that there is indeed substantial secondary
scattering of partons by nuclear matter even at these
much smaller beam energies than will be available at the
RHIC or LHC.

Another interesting question is, how much of the initial
total energy of the pA system is harnessed in producing
secondary particles and how much of the longitudinal
beam momentum is degraded. Two direct observables
that measure the violence of the reaction are the total
transverse energy of secondary particles E~ [53] and the
inelasticity I or thrust T = 1 —I [54]. The transverse en-

ergy measures the amount of energy redirected in trans-
verse direction and may also serve as an indicator of the
energy density achieved. It is defined as
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where the sum is understood to count exclusively con-
tributions from secondary particles, pg; = ~p~;~ is the
transverse momentum of particle i perpendicular to the
beam axis, m; its rest mass, and p, = ~p;~ labels here the
magnitude of three moment»m. The quantity thrust on
the other hand, exhibits to which degree the initial lon.—

gitudinal momentum of proton and of the nucleus is de-
graded (nuclear stopping power) by measuring the frac-
tion of left over longitudinal momentum carried by the
spectator particles,

(psi (spec

E; lp'I

0.15—

0.1

0.05

I I I I I I II[

10

I I I I I I III

100
Here p„is the longitudinal momentum of the ith par-
ticle with respect to the beam axis and the sum in the
numerator runs only over those particles that remained
spectators, whereas the denominator is the total three-
momentum of all particles. Note that initially, before the
collision, T is close to unity because the small primor-
dial transverse momentum and Fermi motion is negligi-
ble compared to the large beam momentum P. During
the collision the longitudinal momentum of interacting
partons is converted in transverse direction and at the
same time the number of spectators is reduced, whereas
the total three-momentum is conserved. At the end of
the parton evolution the drop of T indicates the inelas-
ticity on the parton level. The subsequent hadronization
further reduces T only by a negligible amount, so that
the inelasticity extracted &om the hadron spectra can be
identified with the partons' dissipation.

In Figs. 14 and 15 the A dependence of the total pro-
duced transverse energy per nucleon E~/A and of the
thrust T is plotted versus the nuclear mass number A,
again for P = 100 GeV and P = 3000 GeV. The essen-
tial observations are consistent with the multiplicity and
transverse momentum properties discussed before:

(ii) For small nuclei (A 30) the increase of E~/A is
weak. For intermediate nuclei 30 & A & 150 a comparably

FIG. 15. Nuclear dependence of the thrust T, measuring
the efFect of inelasticity or nuclear stopping power, in pA col-
lisions at the two considered beam energies corresponding to
P = 100 (3000) GeV.

strong growth proportional Ao 24 (Ao'2s) becomes effec-
tive, which is close to what is observed for lower energies
at the SPS [53]. For heavy nuclei (A & 200) however,
E~/A appears to saturate. This saturating behavior in-
dicates that there is an upper limit for energy deposition
which arises because the initial available beam energy is
shared by more and more nucleons but the transverse
energy per particle does not increase further.

(iii) The nuclear stopping exhibited by the A depen-
dence of the thrust T repeats the pattern of the trans-
verse energy production. Light nuclei with A & 10 appear
almost as transparent as a single nucleon, but then with
increasing A the nuclei become rapidly more absorptive.
Again there is a clear saturation evident for very heavy
nuclei, i.e., T ~ 0. This is of course expected, since a
nucleus cannot be blacker than black, or, in other words,
the proton penetrating the nucleus cannot be more than
completely stopped.
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FIG. 14. A-dependence of the total produced transverse
energy per nucleon E&/A, again for P = 100 GeV and
P = 3000 GeV.

In this paper I studied how the transport of partons
and their interactions in ultrarelativistic nuclear colli-
sions can be affected in the environment of dense nuclear
matter. Singling out from the multitude of difFerent nu-
clear and medium effects, some of which have been dis-
cussed earlier, three closely related aspects of @CD in
medium: first, the saturation of the parton phase-space
densities enforced to unitarity conservation, second, the
interplay and balance between emission and fusion pro-
cesses, and third, the local screening of parton interac-
tions due to the presence of dense quark-gluon matter.
Within the framework of the statistical approach of the
PCM, I investigated how the kinetic evolution of the par-
ton densities is modified by these effects. As a realistic
scenario, proton-nucleus collisions at beam energies typ-
ical for the future collider experiments at the RHIC and
the LHC were considered. These reactions provide rather
well-defined initial conditions and allow one to use the
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proton as a probe of the space-time evolution. The de-
pendence on the nuclear size and beam energy can be
studied without additional complexities arising from a
QCD phase transition and a quark-gluon plasma forma-
tion expected in heavy ion collisions. Two beam energies
corresponding to P = 100 GeV and P = 3000 GeV beam
momentum per nucleon and various nuclei covering the
full range A = 1.. .238 were considered.

The conclusions for the evolution of partons in these
reactions are as follows:

(i) The unitarity principle enforces an upper limit on
gluon production and imposes a maximum parton den-
sity which is controlled by the balance of emission and
fusion processes. The unitarity limit is almost reached
already for P = 100 GeV in p+ 2 SU collisions at cen-
tral rapidity and it is fully reached at P = 3000 GeV
for nuclei A & 200 GeV. The time scale associated with
approaching the maximum density is 2 fm at P = 100
GeV and roughly twice as fast for P = 3000 GeV. For
proton on light nuclei, the parton densities remain —at
the considered beam energies —well below the saturation
limit.

(ii) In the statistical picture of parton evolution the
self-contained balance between gluon emission by excited
cascading partons and parton-parton fusion results in a
rapid stabilization of the average transverse momentum
of interacting partons. As a consequence the parton cross
section becomes peaked at a characteristic value p~o that
depends on both the beam energy and the nuclear size.
Below and above this value the cross section is strongly
damped, so that it is rendered 6nite over the full kine-
matic range.

(iii) A simple mechanism for the screening of parton
interactions in medium has been implemented that is
governed by the dynamical evolution. The screening is
provided by the space-time dependent phase-space occu-
pation and accomplishes a self-consistent regularization
of the infrared singularity of the effective parton cross
section. Long range interactions corresponding to large
impact parameters of partons are naturally cut off' pro-
vided the surrounding matter is sufBciently dense. For
beam energies at RHIC and LHC this condition is already
satis6ed in pA collisions with A 30 GeV. The extracted
typical screening length is comparable to estimates based
on thermal QCD calculations. This demonstrates that it
is possible to include soft interactions (usually classified
as "nonperturbative" and treated phenomenologically) in
the framework of the perturbative QCD evolution.

The consequences for experimental observables in the
properties of produced hadrons are found as:

(iv) The particle production in the central rapidity re-
gions is the overwhelming source of entropy even in pA
reactions and results in an intense pionization. In the
nuclear fragmentation region the number of produced
hadrons is comparably small, because the nucleus is al-
most completely broken up, with most of its &agments
considerably slowed down and shifted towards central ra-
pidity. Contrary to common expectation, there is no
simple A power dependence with a constant b in the
multiplicity increase with A observed. Instead a strong
growth with b 0.6 for light nuclei merges in a shad-

owing behavior with b 1/3 for the heaviest nuclei. The
dependence on the beam energy of d1V/dy is estimated
to come close to oc (ln P) 2 rather than linear in ln P [55].

(v) The average transverse momentum per secondary
hadron scales roughly as A /, reHecting the substantial
amount of multiple scattering and cascading on the par-
ton level that results in a diffusion-type spread of trans-
verse momentum. The dependence on the initial beam
momentum P for fixed A is approxixnately (p~) oc ln P
which is consistent with the expectation that the increase
of transverse momentum is approximately related to the
growth of central multiplicity as (p~) oc gdN/dy.

(vi) The amount of total produced transverse energy
is not too far &om a A / -scaling for nuclei with A & 30
up to A = 150, beyond which a saturation of E~/A is
found due to a maximum energy deposition for axed ini-
tial beam energy. Related to this behavior is the strong
increase of nuclear stopping power with increasing nu-

clear size that is reBected by the magnitude of inelastic-
ity or thrust. Again, for the heaviest nuclei the further
growth of inelasticity (decrease of thrust) tends to stop as
the projectile proton is completely absorbed and stopped
by the nucleus.

In summary, I would like to stress that although the
present analysis does not indicate any spectacular new
physics to be expected with the advent of RHIC and
LHC, it showed that it is very important to study and
understand in detail, both theoretically and experimen-
tally, the various nuclear and medium eff'ects and their
possible interference. The very well founded &amework
of improved QCD perturbation theory for seinihard pro-
cesses provides a good basis for more accurate predictions
once these medium effects are better understood. In fact,
one can expect that "QCD in medium" will resolve the
problems associated with in&ared divergent behavior of
"QCD in vacuum. " Aside from this task it is of great
importance to establish a rigorous quantum kinetic the-
ory on the basis of %igner functions rather than classical
phase-space densities. By relating the experimentally ac-
cessible parton number densities of the nucleon structure
functions with the signer functions in full phase-space,
a connection between the Altarelli-Parisi-Lipatov evolu-
tion equations in momentum space and the Boltzmann
equation in space-time must be etablished. The semiclas-
sical PCM approach serves here as a pragmatic 6rst step,
but ultimately a space-time description well founded on
the principles of quantum Geld theory is desired.
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