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Diffusion and local deconfinement in relativistic systems
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In relativistic heavy-ion systems at the highest collision energies, new deconfinement signatures emerge and
indicate an increasingly clear separation between soft hadronic processes and hard partonic interactions in a
locally deconfined subsystem. Here the emphasis is on longitudinal variables, namely, net-baryon rapidity
distributions. As described in a Relativistic Diffusion Model, they change from bell shaped at the lower to
double humped at the higher SPS energy, but do not reach local statistical equilibriysy/t200 GeV in
the Au-Au system, however, they are shown to consist of three components. In addition to the nonequilibrium
contributions, a third fraction close to midrapidity containifig=22 protons reaches local statistical equilib-
rium in a discontinuous transition. It may be associated with a deconfinement of the participant partons and
thus, serve as a signature for quark-gluon matter formation.
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I. INTRODUCTION through, thermal equilibrium. Instead, one has to look for

stages ofocal kinetic equilibrium in the short time evolution

Considerable progress has recently been made in the longs the system, and for the possibility that the deconfinement
standing attemptl] to recreate a quark-gluon plasma underansition occurs in such a stage of local thermal equilibrium,
laboratory conditions by means of relativistic heavy-ion CO"aﬁecting only a relatively small number of nucleons in a
lisions. Quark matter is believed to constitute an importamrelatively big system.

intermediate state of the very early universe. There it is in |4 the fixed-target experiments at the SPS with heavy
thermal equilibrium, but expands, cools, and ends in th%ystems—in particular, with the Pb-Pb system \%

most dramatic event of a quark-hadron phase transition—a 17.3 GeV—a number of possible phase-transition signa-

thermal confinement transition—at about® quarks and ;res such as strangeness enhancement and excess of dilep-
gluons condense to form a gas of nucleons and light mesong,ns with invariant mass below that of theneson had been

the latter decaying afterwards. discussed. The most promising signal, namely, the sup-

As the temperature drops to about 170 MeV, the hadrom,essed production of th& W meson in the presence of a
gas becomes sufficiently dilute, and the hadron abu”danc‘%[%ark-gluon plasma due to vanishing string tension and
for different particle species remain fixgtthemical freeze- screening, had been predicted by theorji8{sand identified
out’). The phase transition has thus set the stage for thg; he SPS in heavy systems, but since it could also be caused
subsequent primordial synthesis of light nuclei, He-3,  y hadronic final-state interactior@uclear absorptionit
He-4, Li-7) at timest=1 s, and temperaturéb=1 MeV in  gaamed not fully convincing.

the evolution of th? early univerg@]. . Whether the “extra suppression” which was then detected
_ The attempt to investigate the _quark—hadron'phase transi, the Ph-Pb system afsy=17.3 GeV and which could not
tion in reverse order, as a deconfmeme_nt transition, togethgasny be accounted for by absorption constitutes a qgp sig-
with the subsequent confinement transition in the laboratory,ay e is still a matter of debate. At the relativistic heavy-ion
by means of relativistic heavy-ion collisions experiences segqjjision (RHIC) energy of 200 GeV per particle, the
vere difficulties. The system has to be sufficiently extendedpen|x Collaboration has presented preliminary results for
small collision partners such as protons or deuterons are n?r’ieJ/\If—meson[?] showing a slight suppression. In view of

suitable. The energy density has to reach values above thge |arge error bars, however, this is not yet conclusive either,
critical one(about 1.5 GeV/fr) for the transition to occur. one has to wait for more precise data.

The typical time scale for relativistic heavy-ion collisions |, 4 probably more promising effort, the four RHIC

in the laboratory is only about 1& s—to be compared with 5, a, experiments have carefully investigated the particle

the much larger time scale of the cosmological QCD transiyqyction in central collisions at high transverse momenta.

; a :
tion of 10™s. Hence, it cannot be expected that thermalyhen compared tp-p data that are scaled with the number

equilibrium, which governs the physical description of the ot hinary collisions, a significant suppression of the produced
early universe, remains a valid concept for theoretical mMody,aqrons is found, which is interpreted as a final-state effect

els of relativistic heavy-ion collisions. Whereas particle j¢ {he produced dense medium—and possibly, of a quark-
abundances have been shown to be described rather aC%HDon plasma. The effect may be due to % '

; . jet quenching™:
rately by phase-spag&thermal”) models[3-9], this does not  gpergetic partons traversing the dense medium lose energy or

necessarily imply that the system has reached, or gongre completely absorbed, and the remaining observed had-
ronic jets are mostly created from partons produced near the
surface and directed outwards.
*Email address: wolschin@uni-hd.de http://wolschin.uni-hd.de The effect is not observe@nstead, the inclusive yield is
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slightly enhancegdin the lighter d-Au system, where com- are also able to relate pseudorapidity and rapidity distribu-
pression and heating is much less pronounced, and whet®ns to each other, and to establish scaling of the charged-
qgp formation is therefore unlikelf8—11. Moreover, back- particle rapidity distributions with the number of charged
to-back pairs are also strongly suppressed in central Au-Ahadrons(rather than the number of participants, or binary
for similar reasons, whereas near-side pairs exhibit jetlikecollisions.

correlations that are similar tp-p and d-Au results, also Based on rapidity diffusion coefficients that are not fitted,
pointing towards jet absorption in the densgp? medium  but instead calculated analytically using a dissipation-
[12]. fluctuation theorem in the weak-coupling limitvhere the

Whereas these results focus essentially on transverse vatime between two subsequent interactions is large compared
ables, longitudinal variables also offer very interesting con+o the duration of an individual interactipnin 1999 | have
clusions regarding hadronic vs partonic interactions, and thebtained good RDM results for net-proton distributions at
possibility of qgp formation. In this contribution, | shall the low SIS energies of about 1 GeV per particle. However,
therefore concentrate on longitudinal variables—in particuthis limit is not attained at AGS and SPS energies, where
lar, rapidity distributions of net baryons. The analysis isprogressively larger deviations between RDM weak-
based on a Relativistic Diffusion Mod€éRDM) that allows  coupling result and data occ(it6]. These deviations have
to deal with analytical solutions, rather than numerical codedeen confirmed in an independent numerical calculation by
that often provide little insight into the physical assumptions.Lavagno in 200718].

Two solutions of this problem have been offered so far. In
a strong-coupling treatment, the diffusion coefficiént in
rapidity space becomes time dependgr&,19. For certain

The Relativistic Diffusion Model emphasizes the parametrizations oD(t), analytical solutions of the RDM
nonequilibrium-statistical features of relativistic heavy-ion are still possible. As a simple substitute in comparisons with
collisions. It also encompasses kinetinerma) equilibrium  data, the enhancement factor due to multipartictalective)
of the system for times that are sufficiently larger than theeffects may be determined from the deviation between weak-
relaxation times of the relevant variables such as transvergoupling solution and data. Typical results for net-proton ra-
energyE, or rapidityy. pidity distributions at the lower SPS beam momentum of

A first (linear version of the RDM had been proposed in 40 GeV, the higher SPS beam momentum of 158 GeV/
1996 and applied successfully to the analysis of AGS andder particle, and RHIG(100 GeVk per particle in each
SPS data, with an emphasis on transverse energy distribeam are shown in Fig. 1.
tions integrated over all particle species, and the mean value Alternatively, one may resort to nonextensive statistics,
of the rapidity as function of transverse energh3]. Al- with the underlying relativistic diffusion equation in rapidity
though transverse energy spectra of produced particles tugpace becoming nonlinear. This approach has been used by
out to be close to thermal equilibrium, some deviations fromAlberico et al.in 2000 for transverse mass spectra and trans-
equilibrium appear in the transverse variables. Based on angerse momentum fluctuations at SPS energies, assuming that
lytical solutions of a transport equation, accurate predictionghey were in statistical equilibriurf20]. In view of the dis-
of transverse energy spectra were made, such as in case @epancy between the nonequilibrium weak-coupling result
the Pb-Pb system at the highest SPS energy. and the SPS Pb-Pb data, the approach has been extended to

Distributions of longitudinal variables are of greater inter- the nonequilibrium situation in rapidity space, where Tsallis’
est in the RDM-approach since they remain farther awayonextensivity parametgl1] q has been determined from
from thermal equilibrium. This is particularly true for the the 158\ GeV Pb-Pb dat#18]. Whereas this may well be a
rapidity y=1/2 In((E-p)/(E-p)), which is the Lorentz- reasonable phenomenological parametrization of the data, it
invariant counterpart of the velocity in the beam direction atappears to cover up the multiparticle effects which emerge
relativistic energies. Hence, | have focussed the RDM ireXplicitly in the linear approach when comparing data and
1999 on rapidity distributiong14]. For net (participanj ~ Weak-coupling dissipation-fluctuation theorem.
baryons, s-function initial conditions corresponding to the  Subsequently both the lineggxtensive and the nonlinear
beam rapidities are appropriate, and analytical solutions ofnonextensiveapproach to nonequilibrium processes in rela-
the rapidity transport equation can be compared with data fofivistic many-body systems are pursued further, with an em-
net-proton rapidity spectra. phasis on the most recent high-energy results which are in-

Although the initial conditions are less straightforward for vestigated experimentally at RHIC. | concentrate here on net
produced hadrons, Biyajimet al. have started in 200p15] baryons, and refer the reader to Biyajirtaal. for produced
to use the analytical RDM—uwhich they had developed indehadrons in the linear RDNI15,17,22.
pendently from, but with exactly the same result as in Refs.
[14,16—for produced hadrons. Comparing to a vast amount
of RHIC data for produced charged hadrg@®HOBOS and
BRAHMS) at both 130 GeV and 200 GeV center-of-mass Rapidity distributions of participarthet) baryons are very
energy per particle pair, they obtain high-precision fits of thesensitive to the dynamical and statistical properties of
data with adjusted values of the friction coeffici€rdpidity = nucleus-nucleus collisions at high energies. Recent results
relaxation time in my terminologyand the variancérapidity  for net-proton rapidity spectra in central Au+Au collisions at
diffusion coefficient [15,17. With the RDM approach, they the highest RHIC energy ofsyy=200 GeV show an unex-

Il. RELATIVISTIC DIFFUSION MODEL

IIl. NET BARYON RAPIDITY SPECTRA

024906-2



DIFFUSION AND LOCAL DECONFINEMENT IN.. PHYSICAL REVIEW C 69, 024906(2004)

T T4 N ! rium (therma) component at midrapidity that arises from
40 - SPS ] 1 \ 40A GeVic - hard (partonic, highp ) processe$26].
} ! At RHIC energies, the underlying distribution functions
30 - | “ . turn out to be fairly well separated in rapidity space. Since
o0 | ] the transverse degrees of freedom arganvery close to
i / | ] thermal equilibrium, they are expected to decouple from the
10 L / ‘\ 4 longitudinal ones. The time evolution of the distribution
/ \ functions is then governed by a Fokker-Plaifi2k] equation
0 — ‘ Tt (FPE in rapidity spacg14,16,18,28,29,15,26In the more
40 |- Pb+Pb ! || 158 A GeVlc general case of nonextensigrnadditive statistics21] that
accounts for long-range interactions and violations of Boltz-
&30+ . - mann’s Stol3zahlansatl8,28,2Q as well as for non-
> i '| Markovian memorystrong coupling effects[19,2Q, the re-
T 20 ] \ 1 sulting FPE for the rapidity distribution functioR(y,t) in
10 - ,' \‘ i the center-of-mass frame [26]
/ \
; WA \ | d ] &
o I A R RO === LyIRy. )]+ DO SRy, 0]
40 - Au+Au L RHIC - y y
B (1)
or ,' l‘ Here, the rapidity diffusion coefficierd(t) may in general
20 [ ] be time dependent, although I will use a consfaptn most
oy of the applications in this work. It accounts for the broaden-
10 ,’u «d | ing of the rapidity distributions due to interactions and par-
0 ; ! e L ticle creations, and it is related to the drift teriy) by
-1 0 +1 Y means of a dissipation-fluctuation theorem which will be
T ' ' T v.em. used to actually calculat®,. The drift J(y) determines the
yiem 0 yi shift of the mean rapidities towards the central value, and |
Yem. shall discuss linear and nonlinear forms of this drift function.

FIG. 1. Net-proton rapidity spectra in the RDM, solid curves, at In derivations of generalized FPE's from the Bolizmann

the lower SPS momentum of 40 Ge¥/per particle(top; data not equation, a nonlinear equati¢p, »# 1; nonlinear drift func-

yet available, at 158 GeV (compared to NA 49 datg88]; cf. Fig. tion) could_ ?n principle .b_e. traced back to _the nonlin_earities in
6 for error bary and at the highest RHIC energig, =200 Gev  the transition probabilities between single-particle states

(compared to preliminary BRAHMS datg23]). The variableY [30]. However, this would not yet mclu.dg non-Markoy|an

=yly, renormalizes the distributions in the center of mass with effects. Inste_:ad, Eqcl) offers the possibility to describe

the beam rapidities y. Dashed lines are thermal equilibrium re- Strong-coupling systems that are beyond the realm of the

sults without expansion. The transition from bell shaped to doubld30ltzmann equation.

humped is clearly shown in the RDM. Since the norm of the rapidity distribution has to be con-

served,u=1 is required here. It is convenient to introduce a

pectedly large rapidity density at midrapidity. The BRAHMS nonextensivity parameter that governs the shape of the

Collaboration findg23] dN/dy=7.1+0.7(stat) £1.1 (sys)  power-law equilibrium distributiong=2-v [21]. In statisti-

aty=0. cal equilibrium, transverse mass spectra and transverse mo-
The A,A feed-down corrections reduce this yield by Mentum fluctuations in relativistic systems at SPS-energies

17.5%[23] when performed in accordance with the PHENIX VS\w=17.3 GeV require values af very slightly above one,
A-results[24] at 130 GeV, but the amount of stopping re- typically q=1.038 for produced pions in Pb-RE0]. For q
mains significant, although a factor of about 4 smaller as— 1, the equilibrium distribution converges to the exponen-
compared to Pb-Pb at the highest SPS enefgyorrespond- il Boltzmann form, whereas for larger values gfiwith

ing STAR result[25] for y=0 at 130 GeV does not yet in- 4<1.9 S|gn|f|cantly broader _equmbrlum distributions are
clude the feed-down correctipnMany of the available nu- obtal_ned., and the time evolution towards them becomes su-
merical microscopic models encounter difficulties to predictPerdiffusive[21,3F. o

the net-proton yield in the central midrapidity valley of the  T0 study rapidity distributions in multiparticle systems at
distribution, together with the broad peaks at the detecteffHIC energies in a nonequilibrium-statistical framework

positions. [14,16,18,28,29,261 start withq=v=1 corresponding to the
Here | interpret the data in the nonequilibrium-statisticalStandard FPE. For a linear drift function
Relativistic Diffusion Model. The net baryon rapidity distri- IY) = (Yeq= V)7 (2)

bution at RHIC energies emerges from a superposition of the

beamlike nonequilibrium components that are broadened iwith the rapidity relaxation timer,, this is the so-called
rapidity space through diffusion due to seftadronic, low  Uhlenbeck-Ornstein proce$82], applied to the relativistic
p.) collisions and particle creations, and a statistical equilibinvariant rapidity. The equilibrium value ig.,=0 in the
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lated from the given masses and momenta for asymmetric

systems. Usings-function initial conditions at the beam ra-

pidities #y, (+5.36 at p=100 GeVkt per nucleoh, the Xexp(z—m>

equation has analytical Gaussian solutions. The mean val- T

ues shift in time towards the equilibrium value according _

to with C(v's,T) given in Ref.[16] in closed form: for a given

_ equilibrium distribution, the rapidity diffusion coefficient

Y1.20) =Yed 1 —ex= /)] 2 yp expl=tn). (3 i ihan determined by the dissipative constgntThe pro-

For a constant diffusion coefficiel,, the variances of both ton mass isn, andC(\s T) ensures that the corresponding

center-of-mass for symmetric systems, whengass calcu- 1 T T\2| |2
) ' ra D (TyuT)_ {C(\sT) [1+2—+2<—)

(8)

distributions have the well-known simple form thermal distribution functionRy, is normalized to 1 for
each temperatur@
0% (1) =Dy7[1 - exf- 2t/7,)], (4)
whereas for a time-dependent diffusion coefficiByt) that s
accounts for collectivdmultiparticle and memory effects me(y)dy: 1. (9)

the analytical expression for the variances becomes more in-
volved[19]. At short timest/ 7, <1, a statistical description

is of limited validity due to the small number of interactions. This yields
A kinematical cutoff prevents the diffusion into the unphysi-

cal region|y|>y,. For larger values ot/ 7, the system oo -1
comes closer to statistical equilibrium such that the FPE is 2 -1
valid. CsT=yp f [1+ 2x(y) + 2x+(y) ]exp< < )>
Since the equation is linear, a superposition of the distri-
bution functions[14] emerging fromR; 5(y,t=0)= 48y * yy), (10
1 _ (y = (a(0))? with the beam rapidityy, in the center of mass, and
Rly,t) = ——=—=—=ex >
2\[2mo5(1)] 20 .
1 (y- <y2<t)>)2} xXry) = ————. (11)
t————exp -5 |, (5 m coshy)
2\[2mo3(1)] 205

(Note that in Ref.[16] the result is written for the beam

yields the exact solutiotnormalized to L With the total T -
: . rapidity in the laboratory systey =5.83 at the SP&nergy
number of net baryon®r protons, depending on the experi for Pb-Pb, corresponding here Jg=+2.195 in thecenter

mental resultsN; +N, the rapidity density distribution of net o

f mass.
baryons(protons becomes At fixed beam rapidityy,, the diffusion coefficient dis-
dN(y,t = 7o) plays the expected behavior, namely, it rises with increasing
Ty N1R1(Y; 7ing) + NoRa(Y, 7ing) - (6)  temperature of the corresponding equilibrium distribution as

in the Einstein relation; the rise is almost linear withThis

The value oft/ 7, at the interaction time= 7, [the final time  allows to maintain the linearity of the model and hence, to
in the integration of Eq(1)] is determined by the peak po- solve the FPE analytically, although small corrections are to
sitions[14] of the experimental distributions. The same ap-be expected. They cause minor deviations in the calculated
proach has also been applied successfully by Biyaginal.  rapidity distributions that are within the size of the error bars
to produced particles at RHIC energifgk5], although the of the experimental data at SPS energies.
initial conditions are less straightforward for produced par-
ticles, as compared to participant baryorthey use
S-function initial conditions also for produced hadrgns

The microscopic physics is contained in the diffusion co-
efficient. Macroscopically, the transport coefficients are re-

lated to each other in the weak-coupling linfi@y) through o orgies(about 1 GeV per particeare well reproduced,

the diss_ipafcion-fluctuation theoreqkinstein relatiop with  \, hereas at AGS and SPS energies | find discrepafibiso
the equilibrium temperaturg, the data that rise strongly witls. The origin are most likely
DV=q.T=f(r,T) @) strong-coupling effects at high energy: the time between two
y yr 1) ) . i
subsequent interactions becomes smaller than the duration of
In Ref.[14] | have obtained the analytical result f@’;\' as an individual interaction, such that the system becomes non-
function of T and 7, from the condition that the stationary Markovian and develops memory effects. In a schematic ap-
solution of Eq.(1) is equated with a Gaussian approximation proach that serves to outline the effect analytically, one may
to the thermal equilibrium distribution iy space(which is  account for the system memory by a time-dependent diffu-
not exactly Gaussian, but very close tpas sion coefficient through a relaxation ansatz

IV. STRONG-COUPLING DIFFUSION: MEMORY
EFFECTS

In the linear model, net baryon rapidity spectra at low SIS
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D 1
== 10,0 -} 12

Here the diffusion coefficient for weak couplir@;" is ap-
proached for time$> 4 larger than the timey that is char-
acteristic for strong coupling—when all secondary particles
have been create(ﬂ);v is well defined in terms of the tem-
perature of the corresponding equilibrium distribution, and
the particle mass as discussed above. However, for short
times in the initial phase of the collision before and during

paslrtlcle _productlon, the strong-couplmg_ dlff_usmn coefficient FIG. 2. Standard deviations,(t) of the solutions of the Fokker-

Dy dominates a_nd enhances _the d|ffu5|ory|Bpac_e beyond Planck equation that build up the Pb-Pb baryon rapidity distribution
the weak-coupling value. This enhancement rises strongly; sps momenta of 158 Gewper particle inY space(Fig. 1). The
with incident energy as shown in R¢1L6]. It is decisive for  ynner curve is the strong-coupling result. Due to particle creation,
a proper representation of the available data for relativistighe actual fluctuationgmiddie curve gradually approach the weak-
heavy-ion collisions at and beyond SPS energies. The relaxoupling result, lower curve. The interaction timg,/ 7, (arrow)
ation equation for the rapidity diffusion coefficient with the approximately corresponds to the maximum of the fluctuations in
strong-coupling valueD§ as an initial condition can be rapidity space.

solved as

o Dw[l F( t)] o p( t) s a5(t) = ol (t) + oZ() (16)

t) = —exg——||+D3exp - —|.
W y Ts Y Ts (13 with

A lower limit for the characteristic time for strong coupling 2w / /
7, can be estimated from the time delay of particle produc- o(t) = Dy7y exp(= 2t/ ) [expl(2t Ty) -1
tion due to quantum coherend83] which yields about
0.4 fm/c at SPS energies, or simply from the uncertainty + 275 {em(—t/r Ty~ 27'5) _ 1} 17
principle, which gives about the same value for a pion. Ty~ 27 A

The strong-coupling timers is, however, much larger d
since it refers to many particles that are created from th&"

available relativistic energy. The transverse energy relax- 5 - 27,
ation time [13]—which is of the order of, but slightly o5(t) = Dyry exp(— 2t/7) p—
smaller than the interaction time at SPS energies—gives a y s
reasonable estimate for the strong-coupling time such that Ty~ 2T,
g-coupiing x[exp(—tlfy—y—s> - 1]. (18)
o< T < 7y (14) Ts

. hi v K b hIn the limit of — O the fluctuations due to strong coupling
at SPS energies. Not much is presently known about t fanish, and the remaining weak-coupling result for the vari-

strong-coupling diffusion coefficierD, except that it is Sig-  gnce of the rapidity distribution function attains the familiar
nificantly larger than its weak-coupling counterpart at these ., (4)

energies. UnIikeD?’, it cannot be derived from the known
equilibrium distribution. Moreover, energy and momentum 0'5('{) — D;VTy[l —-exg-2t/n)] for ,— 0. (19

conservations are not fulfilled in the strong-coupling phase L ; _
of the collision. Leaving a microscopic model to the future, | Results for the standard deviations Ynspace(Y=y/y;) of

presently adjust in the linear modB|,(t=7,,,) to the data as the superposed FPE solutiof that build up the baryon
outlined in the following section. Due to the strong coupling rapidity distributions in the relat|V|§t|c system 158 Gev/
at short times tf,<1, D, is initially far above the weak- per r|1_ucleo? Pb-Pb are ShOWTd In F|_g. f2 The §t|rong-
coupling vaIueD;V (8), and it remains there throughout the coupling value(upper curv@ wou pgr5|st It no particles
interaction time at SPS energies, even though it drop ere created. Dug to particle creation, the actual fluctua-
slightly until freeze-out occurs. The corresponding varianc lons pass a maximum and gradually approach the weak-

in rapidity space is obtained analytically through a solutionCOUpIIng ;eslult fl(l)'r 'Iarge times. Tdhe |nteraqt|or1[t||r(ffter?h
of the corresponding differential equation for the variancesfor a central collision corresponds approximately to the

with the time-dependent diffusion coefficie(it3) contained m_a_ximum: freeze-ogt occurs for large fluctuations in ra-
in the inhomogeneity pidity at SPS energies and beyond.

V. FROM SPS TO RHIC ENERGIES

E(rz(t) +202(t) = 2D, () (15)
dt Y y YA y: At SPS energieqg34], the discrepancy between weak-

coupling result and data has recently been confirmed inde-
It can be written as a sum of weak- and strong-couplingoendently in a numerical calculati¢h8,28 based on a non-
contributions, respectively, linear drift

024906-5



GEORG WOLSCHIN PHYSICAL REVIEW (59, 024906(2004

40

Net Protons

w
(o]
T
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FIG. 3. Analytical solutions of the Relativistic Diffusion Model
for various values of t#, representing the diffusive time evolution
of the baryonic systenthere: net protonsdue to interactions and
particle creations for central Au-Au at RHIC energiaSyy
=200 GeV. Here the net-proton content is 136 protons. This sub-
system remains in a nonequilibrium state in the actual experiment,
cf. Fig. 6. FIG. 4. Nonequilibrium contributions to the net-proton rapidity
spectra of central Au-Au atsyy=200 GeV in the RDM with an
Jy)=—a-m, sinhy)=-a-p (20) equilibrium temperature of =170 MeV (bottom). The solid curve
is obtained in the linear modéfj=1). Its width is(“anomalously’)
with the transverse mass, = ym?+ pi, and the longitudi- €enhanced as compared to the theoretical weak-coupling vaate
nal momentum p;. Together with the dissipation- ted curves by g(vs)=3.7 due to multiparticle effectfl6,19 ac-
fluctuation theoren(7), this yields exactly the Boltzmann cording to the preliminary BRAHMS datg23], squares. The net-
distribution as the stationary solution of EQ) for »=gq proton contentlls 158. Thg dashed curve corresponds-th4 and .
=1. The corresponding numerical solution wigfunction (m,)=1.2 GeVin the nonlinear model. Reasonable agreement with

initial conditions at the beam rapidities is, however, onlythe midrapidity data requires that 14% of the net protons reach local

approximately correct since the superposition principle is-e'mal equilibrium in a discontinuous transition, tegashed

not strictly valid for a nonlinear drift. Still, the numerical curve, thermal equilibrium result for 22 protons; shaded area,
A broadening due to multiparticle effects wig's)=3.7).

result shows almost the same large discrepancy between

data and theoretical rapidity distribution as the linearpoth petween participants, and between participants and pro-
model. In ag=1 framework, the net-proton distribution in qyced particles. It is, however, conceivable that both a vio-
Pb-Pb at thgﬂghest SPS energy requires a rapidity widtlxtion of Eq.(7) due to memory effects, argt>1 have to be
coefficient Dy, that is enh_anced beyond the theoretical ;onsidered in a complete description.
value (7) by a factor ofg(ys)=2.6 due to memory and  The Au-Au system at RHIC energies is then investigated
collective effectd14,16,19, Fig. 1. first in the linearg=1 model for central collisiong10% of
Alternatively, a transition to nonextensive statisticsthe cross sectignBased on the experience at AGS and SPS
[20,21,33 maintaining the weak-coupling diffusion coeffi- energies[14,16,19, it is expected that the nonequilibrium
cient from Eq.(7) requires a value of| that is significantly  net-proton rapidity spectrum calculated with the weak-
larger than one. In an approximate numerical solution of Edcoupling dissipation-fluctuation theorei?) underpredicts
(1) with the nonlinear drif(20), q=1.25 has been determined the widths of the nonequilibrium fractions of the experimen-
for the net-proton rapidity distribution in Pb-Pb collisions at tal distribution significantly. At RHIC energies, the precise
the SPH18,28. The only free parameter & whereas in the value of the enhancement due to multiparticle effects re-
linearg=1 case the strong-coupling enhancemenbDpbe-  mains somewhat uncertain at present since the largest-
yond Eq.(7) is the only parameter. rapidity experimental points are on the edge of the nonequi-
This value ofq in the nonlinear model is considerably Jibrium distribution [23,35. Typical solutions of the linear
larger than the resutf(vsyy)=1.12 extrapolated from Wilk  FPE for various values of t} representing the diffusive time
et al.[29] at the SPS energys,y=17.3 GeV. Here, the rela- evolution of the baryonic system due to interactions and par-
tivistic diffusion approach is applied to produced particles inticle creations are shown in Fig. 3.
proton-antiproton collisions in the energy ranges In the comparison with the BRAHMS dafa3] shown in
=53 GeV-1800 GeV, and used to predict LHC results. TheFig. 4 (bottom), the temperaturg=170 MeV is taken from a
nonlinearityq> 1 appears to be an essential feature ofithe  thermal fit of charged antiparticle-to-particle ratios in the
data. The larger value @f in heavy systems as compared to Au—Au system at 200 GeV per nucle@h,36], and the the-
pp at the same NN-center-of-mass energy emphasizes tharetical value of the rapidity width coefficient calculated
increasing superdiffusive effect of multiparticle collisions from the analytical expressiai) is \s‘“DyTy:7.6>< 1072 The
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FIG. 5. Analytical solutions of the Relativistic Diffusion Model
for various values of t#, representing the time evolution of a local
subsystem of net protons in central Au-Au at RHIC energigg,
=200 GeV with a sudden enhancement of the number of degrees of
freedom due to deconfinement, and the subsequent fast local equili- y
bration. The net-proton content of this local subsystem is 22. The

shaded area is the local equilibrium distribution centered at midra- F!G. 6. Net-proton rapidity spectra for central collisions of
pidity. Au-Au at Vs\yny=200 GeV consist of two nonequilibrium compo-

nents(solid peaks, bottom; 136 protonplus a local equilibrium
. . . . contribution atT=170 MeV. The shaded area shows its broadening
weak-coupling nonequllllbrlium distributions W'thQUt ©N" due to collective(multiparticle) effects by the same factay(+s)
hancement due to multiparticle effe¢tiotted curves in Fig. =37 a5 the nonequilibrium fractions. After hadronization, it con-
4) are by far too narrow to represent the data, justifying th&ains z,,~22 protons. Superposition creates the flat valley near
term “anomalous” for the experimental result. midrapidity (bottom) in agreement with the preliminary BRAHMS
The calculated distributions become even slightly nardata points[23]. Diamonds includeA feed-down corrections at
rower whenT is lowered in order to account for the fact that =0 (17.5% and y=2.9(20%), respectively. Arrows indicate the
the equilibrium temperature in the diffusion model should bebeam rapidities y,. At SPS energiestop), NA49 data[38] for
associated with the kinetic freeze-out temperatwhkich is  central Pb-Pb event&%) including A feed-down corrections are
not yet precisely known at RHICrather than the chemical compared with the pure nonequilibrium result of the linear model
freeze-out temperature. As has been discussed in[R&f.  [14,19. Here, the net-proton content is 164.
the weak-coupling rapidity diffusion coefficient is propor-
tional to the temperature as in the theory of Brownian m0t|0q18,21726,28,29,3]Ihat is given by a linear Superposition of
[37], Dy T/ 1. Hence, lowering the temperature by 40 MeV power-law solutions of Eq1),
reduces the widths of the nonequilibrium distributions by

12%—which is hardly visible on the scale of Fig. 4. I N L LT _ i
It was shown in Ref[18] for SPS results that the discrep- Riyn=|1-(1-q T costly = (y1.A0))
ancy between nonequilibrium weak-coupling result and data (22)
persists in case of the nonlinear dr{20) that yields the
exact Boltzmann-Gibbs equilibrium solution fqr1, The dashed curves in Fig. @ottom show the result foqg
5 5 =1.4, T=170 MeV, and a meartransverse massm, )
d°N d—NmE,qu_ E/T). (21) =1.2GeV. This solution is far from the nonextensive

E— =
d® dy-m,dm, d¢ equilibrium distribution which would be reached for
t—o0))= it is significantl low the midra-
Hence, it is expected that the nonlinear df@0) does not <¥é'.2( dw» _?_lﬁq and : IS significantly fbe c|>w N mlldra .
improve the situation in thg=1 case at RHIC energies pidity data. The result is even worse for larger values o
i m, . In contrast, the Pb-Pb data at SPS ener§a3 are

Instead, an enhancement of the weak-coupling rapidit)(N . . . ;
. . I . ell described both in the linear modgl4] (Fig. 6, to
width coefficient by a factor of(vs)=3.7 due to collective and in the nonlinear casef. Ref.[18] fE(i)lr ]re(sugljts withpa

a_nd memory effects in the system co_rrespondmg to a \.’!Olaﬁme—dependent temperature and an integration over trans-
tion of Eq.(7) yields a good reproduction of the nonequilib- verse mass

rium contributions withr,/7,=0.26. However, the midra-
pidity valley that is present in the data is completely absent
in the extensive nonequilibrium=1 case, solid curves in VI. LOCAL DECONFINEMENT AT RHIC
Fig. 4 (bottom).
This remains true in the nonextensive case It turns out, however, that the RHIC data can be inter-
(1<g<1.5, with an approximate distribution function preted rather precisely in the linege 1 framework with the
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conjecture that a fraction af,,= 22 net protons near midra- tion at the maximum SPS enerd{4,18,19,28,3Bto the
pidity reaches local statistical equilibrium in the longitudinal central valley at RHIG23,26] is well understood. It has not
degrees of freedom, Figs(tdp) and 5. The variance of the yet been possible to identify a locally equilibrated subsystem
equilibrium distributionR.(y) at midrapidity is broadened as of net baryons at midrapidity below RHIC energies, although
compared to the Boltzmann result due to collectiwmulti- it cannot be excluded that it exists. At SPS energies, the data
particle effects by the same factor that enhances the theoref38] are well described by the nonequilibrium distributions,
ical weak-coupling diffusion coefficient derived from Eq. and it is much more difficul{and probably impossibleto
(7), shaded areas in Figs. 4 and 5. This may correspond toidentify a locally equilibrated component because the rel-
longitudinal expansioriflow) velocity of the locally equili- evant rapidity region is comparatively small, and an equili-
brated subsystem as accounted for in hydrodynamical ddsrated contribution cannot be separated from the nonequilib-
scriptions. In the nonextensive model, the corresponding loFium components in rapidity space. pp collisions aty's
cal equilibrium distribution is broadene¢blue shifted =53-900 GeV, naconvincing signatures of a phase tran-
according tog=1.4. Here the enhanced value gfappears sition were found42].
as a convenient parametrization of collective expansion Most remarkably, Figs. 4—6 suggest that in central Au
(“longitudinal flow”). —Au collisions at v‘%:ZOO GeV there is no continuous
Microscopically, the baryon transport over 4-5 units oftransition from the nonequilibrium to the equilibrium contri-
rapidity to the equilibrated midrapidity region is not only due bution in net-proton rapidity spectra as function of time. The
to hard processes acting on single valedigjuarks that are central valley in net-proton rapidity spectra at RHIC energies
described by perturbative QCD, since this yields insufficientcould thus be used as an indicator for partonic processes that
stopping. Instead, additional processes such as the nonpertlgad to a baryon transfer over more than four units of rapid-
bative gluon junction mechanisf39] are necessary to pro- ity, and for quark-gluon plasma formation. The discontinuity
duce the observed central valley. This may lead to substantimhay well be due to a sudden enhancement in the number of
stopping even at LHC energies where the separation of nordegrees of freedom as encountered in the deconfinement of
equilibrium and equilibrium net baryon fractions in rapidity participant partons, which enforces a very rapid local equili-
space is expected to be even better than at RHIC. In the lateration in a fraction of the system as indicated in Figs. 4 and
thermalization stagg40], nonperturbative approaches to 5 through a discontinuity in the time evolution of the solu-
QCD thermodynamics are expected to be important. tions of the FPE, which are afterwards very close to the
Recent work indicates that one may account for the obequilibrium result. Here, the sudden enhancement in the
served stopping in heavy-ion collisions at SPS and RHIhumber of degrees of freedom by a factor of about 6 in the
energies with string-model parameters determined fronguark-gluon plasma as compared to the hadronic pfiss
hadron-hadron collisiongt]]. If this was confirmed, the cor- modeled by a corresponding increase in time, Fig. 5.
responding rapidity distributions would not be considered to The linear RDM with three sourcg26] including a local
be anomalous from a microscopic point of view. However,equilibrium fraction near midrapidity has recently also been
this view does not offer a distinction between nonequilibriumadopted by Biyajimaet al. [22] for produced particles in
and equilibrium contributions to the net baryon rapidity analyses of BRAHM§43] and PHOBOS44] pseudorapid-
spectra, which both exist at RHIC energies, and are anomaty data at ys=130 GeV and 200 GeV, using the proper
lously broadened. Jacobian to transform fromto »=-In tan(6/2). In particu-
Macroscopically, the complete solution of Ed) in the  lar, the PHOBOS dat§44] at 130(200) GeV and 0-6%
g=1 case is a linear superposition of nonequilibrium andcentrality are well reproduced with 3183858 charged had-
local equilibrium distributiongFig. 6, bottom rons in the central source indicative of an equilibrated qgp,

whereas only 8961102 charged hadrons reside in the non-
ROY.t= 700 = Ra(Y, 7ing) + Ry, 7ind) + Reg(Y)  (23) equilibrated fragmentation regions.

with the same enhancement factor's) due to multiparticle These very recent results for produced charged hadrons
(collective) effects for all three distributions. The net- &reé, however, still somewhat ambiguous in view(df the
baryon rapidity distribution becomes uncertainties regarding the initial conditions for produced

aN ) particles in rapidity space an@) the difficulties to clearly
N(Y,t=7n) _ loc separate fragmentation and central regions for produced par-
dy = NiRu(Y: i) + NaRo(Y, Tint) + NeaReq () ticles. Nevertheless, the RDM analyses of produced hadrons
(24) by Biyajimaet al. [42] provide additional evidence for local
equilibrium near midrapidity.
with the numberN., of net baryons(here: net protonsin
local equilibrium near mid rapidity, antl; +N,+Ng, equal
to the total number of net baryori$58 net protons for cen-
tral Au-Au). This yields a good representation of the prelimi-  To conclude, | have interpreted recent results for central
nary BRAHMS datd23]. (In theq>1 case, the correspond- Au-Au collisions at RHIC energies in a Relativistic Diffu-
ing solution is questionable because the superpositiosion Model (RDM) for multiparticle interactions based on
principle is violated. Based on Eq(24), the transition from the interplay of nonequilibrium and local equilibriugfther-
net-proton rapidity spectra with a central plateau in Pb-Pb atnal”) solutions. In the linear version of the model, analytical
the lower SPS energid49], via a double-humped distribu- results for the rapidity distribution of net protons in central

VII. CONCLUSION
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collisions have been obtained. The anomalous enhancemetat y=0 and hence, possible changes in the final data will
of the diffusion in rapidity space as compared to the expecaffect the percentage. It has not yet been possible to isolate a
tation from the weak-coupling dissipation-fluctuation theo-corresponding fraction of longitudinally equilibrated net pro-
rem due to high-energy multiparticle effects has been distons in the Pb-Pb system at SPS energies. Since no signa-

cussed using extensive and nonextensive statistics.

tures of a transition to the quark-gluon plasma have been

A significant fraction of about 14% of the net protons observed irpp collisions, quark-matter formation is clearly a
reaches local statistical equilibrium in a fast and discontinugenuine many-body effect occurring only in heavy systems
ous transition which is likely to indicate parton deconfine-at sufficiently high-energy density. Consequently, a detailed
ment. The precise amount of protons in local equilibrium isinvestigation of the flat midrapidity valley found at RHIC,
related to the experimental value of the rapidity density closeand of its energy dependence is very promising.

[1] H. Gutbrod, J. Aichelin, and K. Werngeds), Nucl. Phys.
A715, 3¢-930c(2003.

[2] D. J. Schwarz, Ann. PhysLeipzig) 12, 220(2003.

[3] R. Hagedorn, Nucl. PhysB24, 93 (1970; Nuovo Cimento,
Suppl. 3, 147(1965.

[4] F. Becattiniet al,, Phys. Rev. C64, 024901(2001).

[23] J. H. Leeet al, BRAHMS Collaboration, Nucl. PhysA715,
482c¢(2003.

[24] K. Adcox et al, PHENIX Collaboration, Phys. Rev. Let89,
092302(2002.

[25] C. Adler et al, STAR Collaboration, Phys. Rev. Let87,
262302(200D.

[5] P. Braun-Munzinger, D. Magestro, K. Redlich, and J. Stachel[26] G. Wolschin, Phys. Lett. B569, 67 (2003; hep-ph/0301004.

Phys. Lett. B518 41 (200).
[6] T. Matsui and H. Satz, Phys. Lett. B78 416 (1986.

[27] N. G. v. Kampen Stochastic Processes in Physics and Chem-
istry (North Holland, Amsterdam, 1981

[7] K. Reygers, PHENIX Collaboration, GPS meeting Tubingen 3,[28] W. M. Alberico, A. Lavagno, and P. Quarati, nucl-th/0205044.

2003.

[8] B. B. Backet al, PHOBOS Collaboration, Phys. Rev. Lett.
91, 072302(2003.

[9] S. S. Adleret al., PHENIX Collaboration, Phys. Rev. Let@1,
072303(2003.

[10] J. Adamset al, STAR Collaboration, Phys. Rev. Let®1,
072304(2003.

[11] I. Arseneet al, BRAHMS Collaboration, Phys. Rev. Let@1,
072305(2003.

[12] C. Adler et al, STAR Collaboration, Phys. Rev. Let90,
082302(2003.

[13] G. Wolschin, Z. Phys. A355 301(1996.

[14] G. Wolschin, Eur. Phys. J. /&, 85(1999.

[15] M. Biyajima, M. Ide, T. Mizoguchi, and N. Suzuki, Prog.
Theor. Phys.108 559(2002; 109 151(2003.

[16] G. Wolschin, Europhys. Lett47, 30 (1999.

[17] M. Biyajima and T. Mizoguchi, Prog. Theor. Phy&09, 483
(2003; M. Ide, M. Biyajima, and T. Mizoguchi, nucl-th/
0302003.

[18] A. Lavagno, Physica A305 238(2002.

[19] G. Wolschin, Praman#®0, 1035(2003.

[29] M. Rybczynski, Z. Wtodarczyk, and G. Wilk, Nucl. Phys. B
(Proc. Supp). 122A, 325(2003; hep-ph/0206157.

[30] G. Wolschin, Phys. Rev. Let#48, 1004(1982.

[31] G. Wilk and Z. Wiodarczyk, Phys. Rev. Let84, 2770(2000.

[32] M. Jacobsen, Bernoull2, 271(1996.

[33] C. Gale, S. Jeon, and J. Kapusta, Nucl. Ph#&61, 558c
(1999.

[34] S. Margetiset al, NA49 Collaboration, Nucl. PhysA590,
355¢(1995.

[35] I. G. Beardenet al, BRAHMS Collaboration, Nucl. Phys.
A715, 171c(2003.

[36] I. G. Bearderet al, BRAHMS Collaboration, Phys. Rev. Lett.
90, 102301(2003.

[37] A. Einstein, Ann. Phys(Leipzig) 17, 549(1905.

[38] H. Appelshauseet al, NA49 Collaboration, Phys. Rev. Lett.
82, 2471(1999.

[39] G. C. Rossi and G. Veneziano, Phys. Ré@, 153(1980; D.
Kharzeev, Phys. Lett. B378 238 (1996; S. E. Vance, M.
Gyulassy, and X. N. Wangbid. 443 45 (1998.

[40] J. Berges and J. Cox, Phys. Lett. 17, 369(200)); G. Aarts
and J. Berges, Phys. Rev. 64, 105010(2001).

[20] W. M. Alberico, A. Lavagno, and P. Quarati, Eur. Phys. J. C[41] A. Capella, Phys. Lett. B542, 65 (2002.

12, 499(2000.

[21] C. Tsallis, J. Stat. Phys52, 479 (1988; C. Tsallis and D. J.
Bukman, Phys. Rev. (54, R2197(1996).

[22] M. Biyajima, M. Ide, M. Kaneyama, T. Mizoguchi, and N.
Suzuki, Prog. Theor. Phys. Suppto be publisheg nucl-th/
0309075.

[42] C. Geich-Gimbel, Int. J. Mod. Phys. A, 1527(1989.

[43] I. G. Beardenet al, BRAHMS Collaboration, Phys. Lett. B
523 227(200D; Phys. Rev. Lett.88, 202301(2002.

[44] B. B. Backet al, PHOBOS Collaboration, Phys. Rev. Lett.
87, 102303(200D; R. Noucieret al, PHOBOS Collaboration,
nucl-ex/0208003.

024906-9



