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Abstract i

We review the main results obtained by the BRAHMS Collaboration on the properties of hot
and dense hadronic and partonic matter produced in ultrarelativistic heavy ion collisions at RHIC.
A particular focus of this paper is to discuss to what extent the results collected so far by BRAHMS,
and by the other three experiments at RHIC, can be taken as evidence for the formation of a st%te of
deconfined partonic matter, the so-called quark—gluon plasma (QGP). We also discuss ewdence for
a possible precursor state to the QGP, i.e., the proposed color glass condensate.

0 2005 Published by Elsevier B.V. 8
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PACS:25.75.q; 25.40.-h; 13.75.-n 10

11

12

. 13

1. Introduction 14
15

From the onset of the formulation of the quark model and the first understanding.of
the nature of the binding and confining potential between quarks about 30 years ago it
has been conjectured that a state of matter characterized by a large density of quark®and
gluons (together called partons) might be created for a fleeting moment in violent nucléar
collisions [1]. This high energy density state would be characterized by a strongly redued
interaction between its constituents, the partons, such that these would exist in a néarly
free state. Aptly, this proposed state of matter has been designated the quark gluon pl&#sma
(QGP) [2]. It is now generally thought that the early universe was initially in a QGP stéte
until its energy density had decreased sufficiently, as a result of the expansion of the ¥ni-
verse, that it could make the transition to ordinary (confined) matter. %

Experimental attempts to create the QGP in the laboratory and measure its propéifties
have been carried out for more than 20 years, by studying collisions of heavy nuclei dnd
analyzing the fragments and produced particles emanating from such collisions. Dutfng
that period, center of mass energies per pair of colliding nucleons have risen steadily fom
the /sy ~ 1 GeV domain of the Bevalac at LBNL, to energies@fyy =5 GeV atthe ¥
AGS at BNL, and to,/syn = 17 GeV at the SPS accelerator at CERN. No decisive prodf
of QGP formation was found in the experiments at those energies, although a numbét of
signals suggesting the formation of a very dense state of matter, possibly partonic, \f(fere
found at the SPS [3,4].

With the relativistic heavy ion collider, RHIC, at Brookhaven National Laboratory, tHé
center of mass energy in central collisions between gold nuclei at TB6V+ 1004 GeV
is almost 40 TeV, the largest so far achieved in nucleus—nucleus collisions under Iaborafory
conditions. This energy is so large that conversion of a sizeable fraction of the initial klne?lc
energy into matter production creates many thousands of particles in a limited volume
leading to unprecedented large energy densities and thus presumably ideal condltlons for

the formation of the quark—gluon plasma. 4o

43
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RHIC started regular beam operations in the summer of year 2000 with a short commis-
sioning run colliding Au nuclei at/syy = 130 GeV. The first full run at the top energy2
(/snnv = 200 GeV) took place in the fall/winter of 2002002. The third RHIC run during 3
the winter/spring of 2003 focussed /- Au andp + p reactions. Recently, in 2004, along4
high luminosity Au+ Au run at,/syn = 200 GeV and a short run gfsyy =624 GeV 5
have been completed. The collected data from the most recent runs are currently beinggana-
lyzed and only a few early results are thus available at the time of writing of this document.

The aim here is to review the available information obtained from the first RHIC exper-
iments with the purpose of determining what the experimental results, accumulated so far,
allow us to say about the high energy density matter that is created at RHIC in collisions
between heavy atomic nuclei. 11

We concentrate primarily on results from the BRAHMS detector, one of the four de-
tectors at RHIC, but naturally also refer to results obtained by the other three experiments
(STAR, PHENIX and PHOBOS) insofar as they complement or supplement informatian
obtained from BRAHMS. The BRAHMS experiment is a two arm magnetic spectromne-
ter with excellent momentum resolution and hadron identification capabilities. The two
spectrometers subtend only a small solid angle (a few msr) each, but they can rotate in
the horizontal plane about the collision point to collect data on hadron production oves a
wide rapidity range (0—4), a unique capability among the RHIC experiments. For detsils
about the BRAHMS detector system we refer the reader to [5,6]. The large number otar-
ticles already produced by the four experiments at RHIC may be found on their respective
homepages [7]. Recent extensive theoretical reviews and commentaries may be fouedd in
Refs. [8-10]. 23

24
25
2. What isthe QGP and what doesit take to seeit? 26
27

The predicted transition from ordinary nuclear matter, which consists of hadrons insile
which gquarks and gluons are confined, to the QGP, a state of matter in which quarks2and
gluons are no longer confined to volumes of hadronic dimensions, can in the simplessap-
proach, be likened to the transition between two thermodynamic states in a closed volame.

As energy is transferred to the lower energy state a phase transition to the higher ersergy
state occurs, akin to a melting or an evaporation process. For a first order phase trensi-
tion (PT), the transformation of one state into the other occurs at a specific temperatare,
termed the critical temperature, and the process is characterized by absorption of latent
heat during the phase conversion, leading to a constancy or discontinuity of certain ter-
modynamic variables as the energy density or temperature is increased. In this picturesit is
tacitly assumed that the phase transition occurs between states in thermodynamic ecgsilib-
rium. From such thermodynamical considerations, and from more elaborate models b#sed
on the fundamental theory for the strong interaction, quantum chromo dynamics (e.qg. sat-
tice QCD calculations), estimates for the critical temperature and the order of the transition
can be made. Calculations indicate that the critical temperature shodldb&75 MeV 42
in the case of a vanishing baryon chemical potential [11]. The order of the transitiorzat
various values of the chemical potential is not known. In general, a decreasing critical tém-
perature with increasing chemical potential is expected. Likewise, at non-zero chemigal
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potential a mixed phase of coexisting hadron gas, HG, and QGP is predicted to existin a
certain temperature interval around the critical temperature. Recently calculational tech-
nigues have progressed to the point of allowing an extension of the lattice methods also to
finite chemical potential. Such calculations also suggest the existence of a critical poiat at
larger chemical potential above which, the transition may be of first order. 5
The transition from ordinary matter to the QGP is thus primarily a deconfinement tran-
sition. However, it is also expected, due to the vanishing interaction between partons in
the QGP phase, that hadron masses will be lowered. In the limit of chiral symmetry ghe
expectation value of the quark condenséjg,, vanishes and opposite parity states (chirad
partners) are degenerate. As a consequence of the QGP to HG transition, the chiral ®ym-
metry is broken and the hadrons acquire definite and non-degenerate masses. According to
lattice QCD calculations chiral symmetry should be restored at sufficiently high tempeea-
ture (T > T.). 13
Itis, however, at the onset not at all clear that the transition to the QGP, as it is expected
to be recreated in nucleus—nucleus collisions, proceeds between states of thermodynamic
equilibrium as sketched above. The reaction, from first contact of the colliding nucleitto
freeze-out of the created fireball, occurs on a typical timescale of about AOdnd is 17
governed by complex reaction dynamics so that non-equilibrium features may be impor-
tant. Likewise there can be significant rescattering of the strongly interacting components
of the system, after its formation, that tends to obscure specific features associated with a
phase transition. 21
Many potential experimental signatures for the existence of the QGP have been pro-
posed. These can be roughly grouped into two classesvidlence for bulk properties 23
consistent with QGP formatiore.g., large energy density, entropy growth, plateau be+
havior of the thermodynamic variables, unusual expansion and lifetime properties ofzthe
system, presence of thermodynamic equilibration, fluctuations of particle number or chagge
balance, etc., and (&vidence for modifications of specific properties of particles thougkm
to arise from their interactions with a QGIR.g., the modification of widths and masses ofs
resonances, modification of particle production probabilities due to color screening (e«xq.,
J /¥ suppression) and modification of parton properties due to interaction with other par-
tons in a dense medium (e.g., jet quenching), etc. 31
We may ask the following questions: (Iyhat is the requirement for calling a state ofs2
matter a QGR and (2)What would constitute proof of QGP formation according to that:
definition? 34
As far as the first question is concerned it would seem obvious that the determiring
factor is whether the high density state that is created in the nuclear collisions clearlyshas
properties that are determined by its partonic composition, beyond what is known atthe
nucleon level in elementary nucleon—nucleon collisions (@.¢- p collisions). It has often 38
been presupposed that the ‘plasma’ should be in thermodynamical equilibrium. However,
this may not be realized within the short time scales available for the evolution of the
reaction from first contact to freeze-out, and is perhaps not necessary in the definition of
the version of the QGP that may be observable in relativistic heavy ion collisions. Finadty,
it may be asked whether chiral symmetry restoration is essential. It would seem that eyen
in a situation in which the partons of the system are still (strongly) interacting one may
speak of a QGP as long as the constituents are not restricted to individual hadrons. Thels it
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would appear thadeconfinemeris the foremost property needed to define the QGP state,
and the one that needs to be demonstrated by experiment. 2

Clearly, the observation of all, or at least of a number of the effects listed above, ih a
mutually consistent fashion, would serve to constitute a strong case for the formation of
a QGP. Ideally, the observed effects must not be simultaneously describable within ather
frameworks, e.g., those based on purely hadronic interactions and not explicitly invohing
the partonic degrees of freedom. This suggests the requirement that a ‘proof’, in addi-
tion to having consistency with QGP formation, also must contain elements thanmlgre
describable in terms of QGP formation, phase transition, etc. 9

Finally, if a sufficiently good case exists, we may also ask if there are any specific
features that magalsify the conclusion. To our knowledge no tests have been proposed
that may allow falsification of either a partonic scenario or a hadronic scenario, butz2it
would be important if any such exclusive tests were to be formulated. 13

In this report we address some of the signatures discussed above, notably the emergy
density, which can be deduced from the measured particle multiplicities, the thermal &nd
dynamical properties of the matter at freeze-out which may be inferred from the abun-
dances and spectral properties of identified particles, and the modifications of spectral

properties arising from the interaction of particles with the high energy-density mediums
19

20
3. Reactionsat RHIC: how much energy isreleased? 21
22
The kinetic energy that is removed from the beam and which is available for the procac-
tion of a state such as the QGP depends on the amount of stopping between the collkding
ions. 25
The stopping can be estimated from the rapidity loss experienced by the baryons irdhe
colliding nuclei. If incoming beam baryons have rapidityrelative to the CM (which has 27

y = 0) and average rapidity 28
F an  ; fan -
30
=|y—d —d 1
) /ydy y//dyy @,
0 0 32

after the collision, the average rapidity los$is= y, — (y) [12,13]. Hered N /dy denotes 33
the number of net-baryons (number of baryons minus number of antibaryons) per ung of
rapidity. Thus, for the case of full stoppingy = yp. 35
At AGS energies the number of produced antiprotons is quite small and the net-bargon
distribution is similar to the proton distribution [15-17]. The net-proton rapidity distriba?
tion is centered around = 0 and is rather narrow. The rapidity loss for central collisionss
is about 1 for a beam rapidity of approx. 1.6. At CERN-SPS energjgg{ = 17 GeV, 39
158A GeV Pb+ Pb central reactions) the rapidity loss is slightly less than 2 for a beam
rapidity of 2.9 [18], about the same relative rapidity loss as at the AGS. The fact that 4he
rapidity loss is large on an absolute scale means, however, that there is still a sizeableen-
ergy loss of the colliding nuclei. This energy is available for particle production and other
excitations, transverse and longitudinal expansion. Indeed, in collisions at the SPS, mul-
tiplicities of negatively charged hadrons are abdit/dy = 180 aroundy = 0. At SPS 45
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Fig. 1. Rapidity density of net protons (i.e., number of protons minus number of antiprotons) measured at AGS,
SPS, and RHIC (BRAHMS) for central collisions [19]. At RHIC, where the beam rapidify=s5.4, the full
distribution cannot be measured with current experiments, but BRAHMS will be able to extend its unique results
to y = 3.5 from the most recent high statistics AuAu run, corresponding to measurements extending to 2.8
degrees with respect to the beam direction. 17

18

another feature is visible (see Fig. 1): the net proton rapidity distribution shows a douBle
‘hump’ with a dip aroundy = 0. This shape results from the finite rapidity loss of th&°
colliding nuclei and the finite width of each of the humps, which reflect the rapidity dist?-
butions of the protons after the collisions. This picture suggests that the reaction at the®3PS
is beginning to be transparent in the sense that fewer of the original baryons are fourigl at
midrapidity after the collisions, in contrast to the situation at lower energies. 24
BRAHMS has measured [19] the net proton rapidity distribution at RHIC in the intef®
val y = 0-3 in the first run with (0-10%) central A4 Au collisions at full energy. The 26
beam rapidity at RHIC is about 5.4. Details of the analysis can be found in [19]. The ¥e-
sults are displayed in Fig. 1 together with the previously discussed net-proton distributi®ns
measured at AGS and SPS. The distribution measured at RHIC is both qualitatively nd
guantitatively very different from those at lower energies indicating a significantly differeft
system is formed near midrapidity. 31
The net number of protons per unit of rapidity aroune: 0 is only about 7 and the 32
distribution is flat over at least thel unit of rapidity. The distribution rises in the rapidity 33
rangey = 2-3 to an averagéN /dy ~ 12. We have not yet completed the measurements #t
the most forward angles (highest rapidity) allowed by the geometrical setup of the exgrer-
iment, but we can exploit baryon conservation in the reactions to set limits on the relative
rapidity loss at RHIC. This is illustrated in Fig. 2, which shows two possible distributiofs
whose integral areas correspond to the number of baryons present in the overlap bet$een
the colliding nuclei. From such distributions one may deduce a set of upper and lower fitn-
its for the rapidity loss at RHIC. Furthermore the situation is complicated by the fact that
not all baryons are measured. The limits shown in the figure includes estimates of thesg ef-
fects [19]. The conclusion is that tladsoluterapidity loss at RHIQSy = 2.0+ 0.4) isnot 42
appreciably larger than at SPS. The value is close to expectations from extrapolations of
pA data at lower energies [13,14]. In fact ttedative rapidity loss is significantly reduced 44
as compared to an extrapolation of the low energy systematics [12]. 45
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Fig. 2. Insert: fit of the data to two possible net-baryon distributions (Gaussiap and 6th order polynomial) 14
respecting baryon number conservation. In going from net-proton to net-baryon distributions we have assyged
that N (n) =~ N(p) and have scaled hyperon yields known at midrapidity to forward rapidity using HIJING. Ev
assuming that all missing baryons are located just beyond the acceptance edge or at the beam rapidity, qune tight

limits on the rapidity loss of colliding Au ions at RHIC can be set [19] (main panel).
18

It should be noted that the rapidity loss is still significant and that, since the overdll
beam energy (rapidity) is larger at RHIC than at SPSasolute energy lossicreases
appreciably from SPS to RHIC thus making available a significantly increased amounﬁlof
energy for particle creation in RHIC reactions.

In particular, we have found that the average energy loss of the colliding nuclei ¢dr-
responds to about 78 6 GeV per nucleon [19]. From our measurements of the particfé
production as a function of rapidity (pions, kaons and protons and their antiparticles)“ve
can deduce not only the number of produced particles but also their average transdérse
momentum and thus their energy. Within systematic errors of both measurements we*find
that the particle production is consistent with the energy that is taken from the beam. %

Thus, the energy loss measurements clearly establish that as much as 26 TeV of kiffetic
energy is removed from the beam per central4Adu collision. This energy is available *°

for particle production in a small volume immediately after the collision. 31
32

33
4. Energy density 34
35
The collision scenario that we observe at RHIC and which was outlined in the previéus
section indicates that the reaction can be viewed as quite transparent. After the colligion,
the matter and energy distribution can be conceptually divided up into two main pais,
a so-called fragmentation region consisting of the excited remnants of the colliding nuglei
which have experienced an average rapidity 18gsy 2, and a central region in which few 40
of the original baryons are present but where significant energy density is collected. 41
This picture is in qualitative agreement with the schematic one already proposedzy
Bjorken 20 years ago [20]. The central region (an interval around midrapidity) is decoupied
from the fragments. In that theoretical scenario the energy removed from the kinetic enetrgy
of the fragments is initially stored in a color field strung between the receding partefns
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Fig. 3. Pseudorapidity densities (multiplicities) of charged particles measured by BRAHMS f%r
/syn =200 GeV Au+ Au collisions for various centralities. The integral of the most central distribution 0—50%
17

corresponds to about 4600 charged particles [6].
18

19

that have interacted. The linear increase of the color potential with distance eventiudlly
leads to the production of quark—antiquark pairs. Such pairs may be produced anywtere
between the interacting partons leading to an approximately uniform particle productioffas
a function of rapidity and similar spectra characteristics in each frame of reference (b?ﬁ)st
invariance).

Fig. 3 shows the overall multiplicity of charged particles observed ir-Aw collisions
at RHIC [6] for various collision centralities and as a function of pseudorapidity. The figLfPe
shows that the multiplicity at RHIC is abodtV /dn = 625 charged particles per unit of °
rapidity aroundn = O for central collisions. Fig. 4 shows that the production of chargea
particles in central collisions exceeds the particle production seemirp collisions at 29
the same energy by 40-50%, when the yield seen in-Aw collisions is divided by the 20
number of pairs of participant nucleons (participant scaling). Also we note that the average
rapidity loss inp + p collisions is§y ~ 1. The energy available for particle production in_

p + p is thus about 50% of the beam energy, to be compared to the 73% found foAAu
collisions. o
Integration of the charged particle pseudorapidity distributions corresponding to central
collisions tells us that about 4600 charged particles are produced in each of the 5% most
central collisions. Since we only measure charged particles, and not the neutrals, we rgylti—

ply this multiplicity by 3/2 to obtain the total particle multiplicity of about 7000 particles,

From the measured spectra of pions, kaons and protons and their antiparticles gs a
function of transverse momentum we can determine the average transverse mass for, gach
particle species (Fig. 5). This allows us to estimate the initial energy density from Bjorkens
formula [20]

25

34

43

1 d(Er) aa
- 2

7TR2‘L' dy ( ) 45
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Fig. 4. Multiplicity of charged particles per participant pair around midrapidity, as a functiqyis@fy . The
figure shows that the particle production in AuAu collisions at the RHIC top energy, around= 0, exceeds

that seen irp + p collisions by 40-50%.
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Fig. 5. Top panel: rapidity density distribution for positive and negative pions, kaons and protons measuregs by
Brahms. The shown data have not been corrected for feed down. The lines show Gaussian fits to the megsured
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distributions. Bottom panel: averager distributions as a function of rapidity. From [26].
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where we can make the substitutidfE7) = (mr)dN and use quantities from the mea-40

sured spectral distributions. Since we wish to calculate the energy density in the very early

stages of the collision process we may use Rothe radius of the overlap disk betweens2
the colliding nuclei, thus neglecting transverse expansion. The formation time is mere
tricky to determine [21,22]. From the uncertainty relation and the typical relevant en-
ergy scale (200 MeV) one infers a formation time of the order of IcfnThis leads to 45
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€ ~ 5 GeV/fm?3, which should be considered as a lower limit. Alternatively, one may use
the average transverse momentum of produced particles around midrapidity (see Fig.%) to
set the energy scale. This leads to estimates of the energy density that are 3—4 times higher.
Thee ~ 5 GeV/fm? value for the initial energy exceeds the energy density of a nucleus by
a factor of 30 the energy density of a baryon by a factor of 10, and the energy densitysfor
QGP formation that is predicted by lattice QCD calculations by a factor of 5 [23,24].

The particle multiplicities that are observed at RHIC indicate that the energy density
associated with particle production in the initial stages of the collisions largely exceedssthe

energy density of hadrons. 9
10

11
5. Istherethermodynamical and chemical equilibrium at RHIC? 12
13
It has traditionally been considered crucial to determine whether there is thermody-
namical equilibration of the “fireball” in relativistic collisions. The main reason is that, if
there is thermalization, the simple two phase model may be invoked and the system sheuld
evidence the recognizable features of a phase transition. 17
In nuclear collisions, however, the time scale available for equilibration is very short
and the entire system only lives in the order of 1QfmConsequently, it is not evident that 19
the system will evolve through equilibrated states. If equilibrium is established, it woaéd
suggest that the system existed for a short time in a state with sufficiently short maan
free path. A central issue is whether equilibrium is established in the hadronic cloudzin
the later stages of the collisions just prior to freeze-out or whether it is established orethe
partonic level prior to hadronization [25]. Thus, even if equilibration per se is probably ret
a requirement for defining the QGP, it may prove to be an important tademifyingthe 25
QGP. 26

27

5.1. Particle yields 28
29

Fig. 5 shows the results of a recent and more detailed study of particle productioin
central collisions as a function of rapidity [19,26]. The figure shows the rapidity densities
of pions, kaons and protons for central collisions. From such distributions we can constizict
the ratio of the yields of particles and their antiparticles as a function of rapidity. Fig3®
shows the ratios of yields of antihadrons to hadrons (positive pions, kaons and protonsand
their antiparticles). The ratio is seen to be approaching unity in an interval of about 1.5 ussits
of rapidity around midrapidity, suggesting that the particle production in the central regen
is predominantly from pair creation. This is true for pions (ratio of 1), but less so for kacns
(ratio = 0.95) and protons (ratie= 0.76). There are processes that break the symmetsy
between particles and antiparticles that depend on the net-baryon content discussed #a the
previous section. One such process that is relevant for kaons is the associated produetion
mechanism (e.gp + p — p + A + K*) which leads to an enrichment of positive kaong:
in regions where there is an excess of baryons. Support for this view is given by Figt27,
which shows the systematics of kaon production relative to pion production as a function
of center of mass energy. At AGS, where the net proton density is high at midrapidity, 4he
rapidity density ofK* strongly exceeds that &€ ~. In contrast, at RHIC, production of 45
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Fig. 6. Ratios of antiparticles to particles (pions, kaons and protons) as a function of rapidity ¥8r
JSnN =200 GeV Au+ Au collisions measured by the BRAHMS experiment [27]. For the first time in nuz4
clear collisions an approximate balance between particles and antiparticles is seen around midrapidity. Statjgtical
and systematic errors are indicated.
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Fig. 7. Left panel: ratios of kaons and pions of both charge signs and in the full phase space (i.e., integratedz%ver
azimuthal angles and over rapidity) as a function of center of mass energy in the nucleon—nucleon system. Right
panel: the ratios at the top RHIC energy as a function of rapidity. At midrapidity the two ratios are about the saime

and equal to 0.15 [26], while at forward rapidity the ratio of positive kaons and pions increases as expecteddpr a
larger baryochemical potential. The lines show statistical model predictions assuming a temperature of 177 MeV
andug =29 MeV.

34

35
KT and K~ is almost equal. This situation changes, however, at larger rapidities where
the net proton density increases. 37

From the measured yields of identified particles as a function of rapidity and their mo-
mentum spectra we may calculate the total relativistic energy carried by particles insthe
rapidity intervaly = 0—3. This is shown in Fig. 8. By integrating and reflecting the totab
energy distribution aroung = 0 and adding the estimate contribution from neutrals we
may deduce that about 9 TeV are carried by the particles in the rapidity fahges. 42

The particle yields measured by BRAHMS also lend themselves to an analysis of4he
charged particle production in terms of the statistical model [27—-33]. Fig. 9 shows the ratios
of negative kaons to positive kaons as a function of the corresponding ratios of antiprotens
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Fig. 8. Total relativistic energy carried by charged hadrons (pions, kaons, protons and their antiparticles) inshe
rapidity interval O< y < 3 deduced from the information in Fig. 5 and using the relationghip m; cosh(y). 15
The triangles show the sum of the individual distributions. Adding the expected contribution from unobserved
neutral particles it can be concluded that particles in the rar§e: y < 3 carry about 9 TeV of total energy o

whereas particle in the rangel < y < 1 carry about 1.5 TeV.
18

to protons for various rapidities at RHIC. The data are for central collisions, and the figﬁ’re
also displays similar ratios for heavy ion collisions at AGS and SPS energies. Theres a
striking correlation between the RHIC/BRAHMS kaon and proton ratios over 3 units of

rapidity. Assuming that we can use statistical arguments based on chemical and thé%al

equilibrium at the quark level, the ratios can be written
24

M_ _GMu,d 25
p(p)_exp< T ) G
and ar
(K) 2t — 1) 2\ o1} -

1% - u,d — Ms s
— _=\ua ST} FAF7 , 4 29
p(KT) eXp( T ) ep( )X[mm} @

wherep, n andT denote number density, chemical potential and temperature, respectivély.
From Eq. (3) we find the chemical potential foandd quarks at midrapidity to be around 32
25 MeV, the lowest value yet seen in nucleus—nucleus collisions. Eq. (4) tells us thatfor
a vanishing strange quark chemical potential we would expect a power law relation #e-
tween the two ratios with exponent3. The observed correlation deviates from the naives
expectation suggesting a finite value of the strange quark chemical potential. 36

A more elaborate analysis assuming a grand canonical ensemble with charge, bafyon
and strangeness conservation can be carried out by fitting these and many other pagicle
ratios observed at RHIC in order to obtain the chemical potentials and the temperatures. It
is found that a very large collection of such particle ratios are extremely well describediby
the statistical approach [31,33]. An example of such a procedure is shown in Fig. 9 &nd
displayed with the full line [32]. Here the temperature is 170 MeV. The point to be matte
is that the calculation agrees with the data over a wide energy range (from SPS to RHiC)
and over a wide range of rapidity at RHIC. This may be an indication that the systemsis
in chemical equilibrium over the considered and y ranges (or at least locally in the 45
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Fig. 9. Correlation between the ratio of charged kaons and the ratio of antiprotons to protons. The dashed %:?Jrve
corresponds to Eqg. (4) in the text usipg = 0. The full drawn curve is a statistical model calculation with a
chemical freeze-out temperature fixed to 170 MeV [27,32] but allowing the baryochemical potential to vary. ¥he
circles denote ratios measured by BRAHMS at the top RHIC energy at different rapidities in the range 8. 19
At midrapidity the baryochemical potential has decreasgdgor 25 MeV. 20

21
variousy hins). However, that statistical fits reproduce particle ratios is only a necessary
condition for equilibration. Separate measurements at RHIC of, for example, elliptical flw
also suggest that the system behaves collectively and thus that the observed ratios aze not
just due to the filling of phase space according to the principle of maximum entropy. 25

26
5.2. Flow 27

28

The properties of the expanding matter in the later stages of the collisions up tozhe
moment when interactions cease (kinetic freeze out) can be studied from the momenrtum
distribution of the emitted particles. The slopes of spectra of emitted particles depengl in
general on the temperature of the source from which they were created and on kisetic
effects that may alter the expected Maxwellian distribution, such as a velocity comporent
resulting from an overpressure leading to an outwards flow of the matter. This flows4is
expected, in the case of (at least local) thermal equilibrium and sufficient density, tebe
describable by concepts derived from fluid dynamics. One should note that the slopes of
spectra reflect the particle distributions at the time of freeze-out when interactions teave
ceased. 38
In the so-called blastwave approach the spectrum shape is parametrized by a fungtion

depending on the temperature and on the transverse expansion velocity which in turmode-
pends on the radius. The result of such analyses for several particle/antiparticle species
indicates that the thermal (freezeout) temperature is in the ranged20-140 MeV and 42
that the maximum flow velocity is aboutc—0.75¢ as displayed in Fig. 10. The first 43
guantity is found, as expected, to be lower than the temperature of the chemical freezesout
discussed in the previous subsection. Indeed, it would be expected that the freeze-oat of
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Fig. 10. Temperature and (surface) transverse flow velocity at the kinetic freezeout as a function of collisfon
centrality for Au+ Au collisions at midrapidity. The values have been obtained from blastwave fits to measuted
transverse momentum spectra. BRAHMS preliminary [40]. 19

20

21
particle ratios occurs earlier than the kinetic freeze out of the particles. The flow velggc-
ity component is larger than what was observed at SPS energies. This is consistent with
a large pressure gradient in the transverse direction resulting from a large initial dengity.
Fig.10 shows results from analysis of midrapidity particle spectra from the BRAHMS ex-
periment using the blastwave approach. 26

Another powerful tool to study the thermodynamic properties of the source is the anajy-
sis of the azimuthal momentum distribution of the emitted particles relative to the evgnt
plane (defined as the direction of the impact parameter). This distribution is usually pasa-
metrized as a series of terms depending or(:o@s— ¢,)), where¢ and¢, denote the 3o
azimuthal angles of the particle and of the reaction plane, respectively. The coefficient
(v1) to then = 1 term measures the so-called directed flow and the coefficightq the 32
n = 2 term measures the elliptic flow. Elliptic flow has been analyzed at RHIC [34-38]
and has been found to reach (for many hadron species) lagpedlues consistent with 34
the hydrodynamical limit and thus of equilibration. Model calculations suggest [41—47]
that the observed persistence of azimuthal momentum anisotropy indicates that the system
has reached local equilibrium very quickly and that the equilibrium can only be establisbed
at thepartoniclevel when the system is very dense and has many degrees of freedom. Fehis
explanation presupposes however that there are many interactions and thus that the gense
partonic phase is strongly interacting. 40

The particle ratios observed at RHIC can be well described by concepts from statistical
physics applied at the quark level, thus assuming thermodynamical equilibrium. Howexzer,
this is only a necessary condition and not a sufficient condition for equilibration. The ab-
servation of a strong elliptic flow at RHIC and comparison to model calculation suggests
that the system is strongly collective as must be the case for an equilibrated system. 4s
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6. High pr suppression. The smoking gun of QGP? 1
2
The discussion in the previous sections indicates that the conditions for particle pro-
duction in an intervaly| < 1.5 at RHIC are radically different than for reactions at lower
energies. At RHIC the central zone is baryon poor, the considered rapidity interval appears
to approximately exhibit the anticipated boost invariant properties, the particle production
is large and dominated by pair production and the energy density appears to exceed signifi-
cantly the one required for QGP formation. The overall scenario is therefore consistent with
particle production from a color field, formation of a QGP and subsequent hadronizatfon.
Correlation and flow studies suggest that the lifetime of the system is shd® fm/c) 10
and, for the first time, there is evidence suggesting thermodynamic equilibrium already at
the partonic level. 12
But, is this interpretation unique? And, can more mundane explanations based oh a
purely hadronic scenario be excluded? In spite of the obvious difficulties in reconciling the
high initial energy density with hadronic volumes, a comprehensive answer to this question
requires the observation of an effect that is directly dependent on the partonic or hadrsnic
nature of the formed high density zone. 17
18

6.1. Highpy suppression at midrapidity: final state partonic energy loss? 19
20
Such an effect has recently been discovered at RHIC and is related to the suppregsion
of the high transverse momentum component of hadron spectra in centraldcolli- 22
sions as compared to scaled momentum spectra franp collisions [48-51]. The effect, 23
originally proposed by Bjorken, Gyulassy and others [52-55] is based on the expectaon
of a large energy loss of high momentum partons, scattered in the initial stages of the2gol-
lisions, in a medium with a high density of color charges [56]. According to QCD colored
objects may lose energy by radiating gluons as bremsstrahlung. Due to the color chrarge
of the gluons, the energy loss is proportional to the square of the length of color mediam
traversed. Such a mechanism would strongly degrade the energy of leading partons result-
ing in a reduced transverse momentum of leading particles in the jets that emerge &fter
fragmentation into hadrons. The STAR experiment has shown that the topology of High
pr hadron emission is consistent with jet emission, so that we may really speak about
jet-suppression [57]. 33
The two upper rows of Fig. 11 show our measurements [48,58] of the so-called nuctear
modification factors founidentifiedcharged hadrons from A4 Au collisions at rapidities 35

n =0 and 2.2. The nuclear modification factor is defined as: 36
N4 dp, dn i

Raa = N : (5) ==
(Npin)d“N"¥N /dp,dn 39

It involves a scaling of measured nucleon—nucleon transverse momentum distributions
by the calculated number of binary nucleon—nucleon collisidfis,. In the absence of 41
medium effects, the nuclear collisions can, at highbe viewed as a superposition of el-42
ementary hard nucleon—nucleon collisions. Consequently we eXpect 1 at highpy. 43
Atlow pr, where the patrticle production follows a scaling with the number of participants,
the above definition oR44 leads toR44 < 1 for pr <2 GeVjc. 45
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Fig. 11. Nuclear modification facto®a,a, as defined in the text, measured by BRAHMS for central (top row}®
and semi-peripheral (middle row) At Au collisions at midrapidity (left) and forward pseudorapidity (right). 20
Note the strong suppression of the high component abovpr > 2 GeV seen at both rapidities. The lower row 5,
shows the factoRcp, i.€., the ratio of thekayay for central and peripheral collisions. This ratio has the property,,

of being independent of the + p reference spectrum [48]. »

24

In fact, it is found thatR44 > 1 for pr > 2 GeV/c in nuclear reactions at lower en- 25
ergy. This enhancement, first observed by Cronin, is associated with multiple scattering of
partons [59,60]. 27

Fig. 11 demonstrates that, surprisingRu4 < 1 also at highpr for central collisions 2s
at both pseudorapidities, whilg44 ~ 1 for more peripheral collisions. It is remarkable2e
that the suppression observedmt ~ 4 GeV/c is very large, amounting to a factor of 3o
3 for central Au+ Au collisions as compared tp + p and a factor of more than 4 asa:
compared to the more peripheral collisions. Such large suppression factors are observed at
both pseudorapidities. 33

The very large suppression observed in central-Aw collisions must be quantitatively 34
understood and requires systematic modelling of the dynamicg=A0D the particles are 35
emitted at 90 degrees relative to the beam direction, whilg-at2.2 the angle is only 3s
about 12 degrees. In a naive geometrical picture of an absorbing medium with cylindrical
symmetry around the beam direction, the large suppression seen at forward anglesssug-
gests that the suppressing medium is extended also in the longitudinal direction. Sincesthe
observed higlpr suppression is similar or even larger at forward rapidity as comparedsto
midrapidity (see Fig. 12) one might be tempted to infer a longitudinal extent of the dense
medium which is approximately similar to its transverse dimensions. However, the preb-
lem is more complicated, due to the significant transverse and in particular longitudiaal
expansion that occurs as the leading parton propagates through the medium, effectively
reducing the densities of color charges seen. Also other pigbuppressing mechanisms4s
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Fig. 12. RatioR;, of the suppression factoRcp at pseudorapiditieg = 0 andy = 2.2 that are shown in Fig. 11.

15

The figure suggest that highy suppression persists (and is even more important) at forward rapidity thanl%t

1= 0[48].

Nuclear Modification Factor

Fig. 13. Nuclear modification factors measured for centrat-Aw collisions and minimum biag-+ Au collisions
at./syn = 200 GeV, evidencing the important highy suppression observed in central Awu collisions [48]
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which is absent in the + Au reactions. The shaded band around the points indicates the systematic errors.3fhe
shaded box on the ordinate around unity shows the estimated uncertainty on the Ve of

may come into play at forward rapidities (see discussion on the color glass condensate in

the following chapter).

35
36

38

It has been conjectured that the observed higtsuppression might be the result of anse

entrance channel effect, for example as might arise from a limitation of the phase space

available for parton collisions related to saturation effects [61] in the gluon distributions
inside the swiftly moving colliding nucleons (which haye= 100). As a test of these ideas42
we have determined the nuclear modification factorder Au minimum bias collisions 43
at \/syn = 200 GeV. The resultindR ay is shown in Fig. 13 where it is also compared
to the Rayay for central collisions previously shown in Fig. 11. No high jet suppres- 45



© 0 N o g b~ W N P

AOBA DA B DN B OWOW W W W W W W WWNDNDNDNDNDNDNDNDNDNR R R B B B B R R
a M W M P O © © N O O~ W RN P O © © N 0 00 W NP O © ® N O A w N P O

50375-9474(05)00277-0/FLA AID:9767 Vol.eee( [DTD5] P.18 (1-27)
NUPHA:m1 v 1.35 Prn:9/03/2005; 12:23 nﬁa9767 by:Alicija p. 18

18 I. Arsene et al. / Nuclear PhysicSeae (eeee) eee—eee

sion is observed fo#l + Au [48,63—-65]. TheR;ay distribution aty = 0 shows a Cronin 1
enhancement similar to that observed at lower energies [18,66,6pl At4 GeV/c we 2
find a ratioRyau/ Rauau =~ 4-5. These observations are consistent with the smaller trans-
verse dimensions of the overlap disk betweendtand the Au nuclei and also appear to4
rule out initial state effects as the cause of the observed pighield reduction observed 5
in Au + Au collisions. 6
High p7r suppression at forward rapidities may also be expected to arise from the pos-
sible color glass condensate phase in the colliding nuclei (see the discussion in the&next
section). There is little doubt that systematic studies of the highet energy loss as a ¢
function of the thickness of the absorbing medium obtained by varying the angle of gb-
servation of highpr jets relative to the event plane and the direction of the beams will be
required in order to understand in detail the properties of the dense medium. 12
13

6.2. The flavor composition 14
15

With its excellent particle identification capabiliies BRAHMS can also study the d¥-
pendence of the higlp; suppression on the type of particle. Preliminary results [58,68]
indicate that mesons (pions and kaons) experience piglsuppression while baryons *®
(protons) do not. The reason for this difference is at present not well understood. 19

The observed differences may be a consequence of baryons being more sensitive to?flow,
because of their larger mass, than mesons. The flow contribution leads a flatter trans¥erse
momentum spectrum for baryons than for mesons, thus possibly compensating for a¥igh
pr suppression effect similar to that of the mesons. It is also possible that the differefice
reflects details associated with the fragmentation mechanism that leads to different degtees
of suppression of the high; component for 2 and 3 valence quark systems. Finally tHeé
difference may reflect the mechanism of recombination for 3 quarks relative to that f(ﬁ6 2
guarks in a medium with a high density of quarks.

Fig. 14 shows a recent investigation by BRAHMS (Ref. [68]) of the baryon to mesth
ratios at mid-rapidityp/7* and p/7~, as a function ofp; for the 0—10% most central *°

: . 31

1.4 ® AutAu, Vs =200 GeV, 0-10%, y =0 - 14
p/ TC+ (BRAHMS Preliminary) P/ n E %
1.2 O pip Vs =63 GeV 412 33
1 — e'*e, gluon jet (DELPHI) 3

= 08 + 4082 35
N +¢ los 3

B4 Jos = 36
04 .' o . Joa 37
02k & © o & /0,0,-—0——5 02 38

ol I 1 I 1 I I 1 I 1 d) ;D 39
0 2 3 7} 5 I 2 3 4 5
Py [GeV/c] py [GeVic] 0

41
Fig. 14. Ratios of particle yieldp/zt (left) and p/7~ (right) measured at mid-rapidity for 0-10% central 22
Au + Au collisions at,/syy = 200 GeV. The error bars show the statistical errors. The systematic errors are
estimated to be smaller than 8%. Dataat= 63 GeV for p + p collisions [69] are also shown (open circles).
The solid line in the right-hand panel is tiie + 5)/(x+ + 7 ™) ratio measured for gluon jets [70] il + e~
collisions. 45

44
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Fig. 15. Comparison of the ratios yields pfr — at rapiditiesy = 0 andy = 2.2. In spite of small statistics the 13
data suggest that a forward rapidity the flow may be weaker resulting in a derecreased yield of antiprotons relative
to pions aboverr ~ 2 GeV. BRAHMS preliminary [68]. 15
16
17

Au + Au collisions at,/syny = 200 GeV. The ratios increase rapidly at lgw and the
yields of both protons and antiprotons are comparable to the pion yielgs fer2 GeV/c.
The corresponding ratios fgr; > 2 GeV/c observed irp + p collisions at,/s = 62 GeV
[69] and in gluon jets produced i + ¢~ collisions [70] are also shown. The increase o
the p/n+ and p/n~ ratios at highpr, seen in central Ay- Au collisions, relative to the 2
level seen inp + p ande™ + ¢~ indicates significant differences in the overall descrlptlon N
either at the production or fragmentation level.

Fig. 15 shows the comparison of BRAHMS data for the ratio of antiprotons to negaté\sle
pions atn = 0 and 22. Although statistics at high transverse momentum are low there
are indications that the ratio is smaller at the higher rapidity fpr> 2 GeV. Recent
calculations based on a parton recombination scenario [71-73] with flow at the partog]ic
level appear to be able to describe the data at midrapidity, while calculations omitting f low
fall short of the data already atr ~ 1.5 GeV.

The experimental and theoretical investigation of these questions is, however, still i |
infancy. These issues can and will be addressed in depth through the analysis of the @rge
data set collected by BRAHMS in the high luminosity AUAu run of year 2004.

=
© © ™

33
34
6.3. Highpy suppression at lower energy? 35
36
The short commissioning run for Al Au collisions at,/syy = 62.4 GeV has allowed 37
us to carry out a first analysis of the high suppression of charged hadrons at an energy
of about ¥3 the maximum RHIC energy and about 3.5 times the maximum SPS enengy.
Preliminary results are shown in Fig. 16 for nuclear modification factor calculated for the
sum of all charged hadrons measured at 45 degrees(9) with respect to the beam 41
direction. The data have been compared to reference spectra measy®gdvie= 63 GeV 42
p + p collisions at the CERN-ISR. The figure shows that the highdata are less sup- 43
pressed at/syny = 624 GeV than at,/syy = 200 GeV. This is consistent with recent44
results from PHOBOS [75]. For comparison, at SPS energies nofhigtuppression was 45
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Fig. 16. Nuclear modification facta®a,ay measured by BRAHMS for charged hadrong at 0.95 for 0-10%

central Au+ Au collisions at,/syy = 624 GeV [74]. The dark shaded band indicates the systematic errors oﬁ
the data, the lighter shaded band the combined estimated systematic error on{h&uAdata and the + p 15
reference. 16

17

observed (albeit a discussion has surfaced regarding the accuracy of the reference spectra

at that energy [62]). It thus seems the suppression increases smoothly with energy. 19
The remarkable suppression of high jets at mid-rapidity seen at RHIC is an importantzo
signal that evidences the interaction of particles originating from hard parton scatterifigs
with the high energy density medium created in the collisions. The quantitative under-

standing of the observed highy suppression, as a function of energy, should be able
determine whether this suppression occurs at the partonic or hadronic level. This nee#s to

be supplemented by detailed studies of the flavor dependence of the suppression m&cha-

nism. 26
27

28

7. Thecolor glass condensate: a model for theinitial state of nuclei? 29

30

As part as the study of the highy suppression in nucleus—nucleus collisions BRAHMSt

has investigated the rapidity dependence of the nuclear modification factors as a funetion
of rapidity (n =0, 1,2.2,3.2) in d + Au collisions at,/syy = 200 GeV. As discussed in 33
the previous section the measured nuclear modification factows foAu are consistent 34
with the absence of highr suppression around midrapidity. This may be taken as direwst
evidence for the fact that the strong high suppression seen in AgAu collisions around 36
y = 0is not due to particular conditions of the colliding nuclei (initial state effects) [63,64]
and [48]. 38
At forward rapidity ind + Au collisions, however, BRAHMS has observed [76] &89
marked highpr suppression starting alreadygt 1 (see Fig. 17) and increasing smoothlyo
in importance with increasing pseudorapidity (upgte: 3.2). It has been proposed that this4:
effect at forward rapidity [77] is related to the initial conditions of the collidihgnd Au 42
nuclei, in particular, to the possible existence of the color glass condensate (CGC). 43
The CGC is a description of the ground state of swiftly moving nuclei prior to coll

sions [78]. Due to the non-Abelian nature of QCD, gluons self interact which results#n
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Fig. 17. Evolution of the nuclear modification factors measured by BRAHMS for the 10% most eéntral
collisions at, /sy = 200 GeV, as a function of pseudorapidity76].

e
w N P

nuclei containing a large number of lawgluons  is the fraction of the longitudinal mo-
mentum carried by the parton) that appears to diverge (grow) with decreasiigre is s
however, a characteristic momentum scale, termed the saturation scale, below Whicibﬁthe
gluon density saturates. This effect sets in whdrecomes small and the associated gluo?7
wave length {nl?) increases to nuclear dimensions. In such a regime gluons may interl%ct
and form a coherent state reminiscent of a Bose—Einstein condensate. Early indicafijpns
for the formation of such non-linear QCD systems have been found in lepton—hadrog,or
lepton—nucleus collisions at HERA [79] and have been described by the so-called “ggo-
metric scaling” model [80]. 2
The density of gluons% ~ ai in such a saturated system is high, siagethe 3

, : . d(ln(l/x)f.
strong interaction running coup

ing constant, decreases as the energy increases. The syistem
can therefore be described as a (semi)classical field, and techniques borrowed from.fjeld
theory can be employed to find the functional form of the parton distributions in the inital
state [82]. 27
Saturation in the wave function sets in for gluons with transverse momefttima o3
Q? = A%();—O)A ~ A3¢M. A value of A ~ 0.3 is estimated from fits to HERA data [81]. 20
The dependence of the saturation s@dleon the atomic number of the target and rapidityso
suggests that saturation effects can be best studied at RHIC with heavy nuclei at large
rapidities, although larger beam energy will also make it possible in the future to study lew
x phenomena in nuclear collisions closer to midrapidity. 33
Collisions between heavy ions with energiés= 100A GeV may therefore provide a 34
window to the study of lows gluon distributions of swiftly moving nuclei. In particular, 35
head-on collisions between deuterons and gold nuclei in which hadrons, produced mestly
in quark—gluon collisions, are detected, close to the beam direction but away fromsthe
direction of motion of the gold nuclei, allow the loswveomponents (mostly gluons) of the 38
wave function of the gold nuclei to be probed. 39
The centrality dependence of the nuclear modification factors provides additional4m-
formation on the mechanism underlying the observed suppression. Fig. 18 sha¢sthest
factors, defined as the ratios of the nuclear spectra for central (0-20%) and peripheral
(60—80%) collisions (closed points) and for semicentral (30-50%) and peripheral @®l-
lisions(open points), suitably scaled by the corresponding number of binary collisions,
versuspr andn. There is a substantial change Rgp as a function ofy. At n =0 the 45
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Fig. 18. Central to peripheral ratid®cp as a function of pseudorapidity measured by BRAHMS dot Au 10

collisions at the RHIC top energy [76]. The filled circles represent the central-to-peripheral (0—20% over 60—-8H%6)
ratio. The open circles the semicentral-to-peripheral (30—50% over 60—80%) ratio. The shaded band aroundianity
indicates the uncertainty associated with the values of the number of binary collisions at the different centralities.
14
central-to-peripheral collisions ratio is larger than the semicentral-to-peripheral ratios s&g-
gesting an increased Cronin type multiple scattering effect in the more violent collisions.
In contrast, the ratio of the most central collisions relative to the peripheral, as compared
to the semicentral-to-peripheral, is the most suppressed at forward rapidities, suggestiag a
suppression mechanism that scales with the centrality of the collisions. 19
The observed suppression of yieldsdin- Au collisions (as compared tp + p colli- 20
sions) has been qualitatively predicted by various authors [83—-86], within the color glass
condensate scenario. Recently, a more quantitative calculation has been carried out487]
which compares well with the data. Other authors [88,89] have estimated the nuclear
modification factors based on a two component model that includes a parametrizatio of
perturbative QCD and string breaking as a mechanism to account for soft coherent parti-
cle production using HIJING. HIJING uses the mechanism of gluon shadowing to redece
the number of gluon—gluon collisions and hence the multiplicity of charged particleg’a
lower p;. HIJING has been shown to give a good description of the overall charged par-
ticle multiplicity in d 4+ Au collisions. A similar approach was followed by Barnafoldize
et al. [90]. Vogt has used realistic parton distribution functions and parametrizationsoof
nuclear shadowing to give a reasonable description of the minimum bias data thoughmnot
of the centrality dependence [91]. Guzey et al. have suggested that isospin effects may in-
crease the suppression [92]. Hwa et al. have reproduced the measured nuclear modifigation
factors in calculations based on quark recombination in the final state [93]. 34
The highpr-suppression in Ad- Au collisions at large rapidities discussed earlier sugss
gests that there may be two competing mechanisms responsible for the observed higta
suppression in energetic AdAu collisions, each active in its particular rapidity window.3?
It has been proposed [8] that the high suppression observed around midrapidity reflects
the presence of an incoherent (high temperature) state of quarks and gluons while theshigh
pr suppression observed at forward rapidities bears evidence of a dense coherent pastonic
state. Clearly, additional analysis of recent high statistics data fo+ Au collisions at 41
high rapidities, as well as firmer theoretical predictions are needed to understand the qaan-
titative role of gluon saturation effects in energetic nucleus—nucleus collisions. 43
The suppression of highy particles seen at forward rapidities in nucleus—nucleus cok
lisions is a novel and unexpected effect and may be related to a new collective partemic
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state that describes nuclei at smalland hence the initial conditions for the reaction int
energetic nucleus—nucleus collisions.

a ~ W N

8. Conclusions and per spectives
6
The results from the first round of RHIC experiments clearly show that studies of high
energy nucleus—nucleus collisions have moved to a qualitatively new physics domain char-
acterized by a high degree of reaction transparency leading to the formation of a near
baryon free central region. There is appreciable energy loss of the colliding nuclei, sotthe
conditions for the formation of a very high energy density zone with approximate balante
between matter and antimatter, in an intervalydf< 1.5 around midrapidity are present. 12
The indications are that the initial energy density is considerably larger than B@&V 13
i.e., well above the energy density at which it is difficult to conceive of hadrons as isolated
and well defined entities. Analysis within the framework of the statistical model of the
relative abundances of many different particles containing the three lightest quark flavers
suggest chemical equilibrium at a temperature in the vicinity ef 175 MeV and a near- 17
zero light quark chemical potential. The temperature thus determined for the chenvieal
freeze-out compares well with the prediction for the critical temperature obtained fram
lattice QCD calculations. The conditions necessary for the formation of a dense system of
quarks and gluons therefore appear to be present. 21
However, there are a number of features, early on considered as defining the coreept
of the QGP, that do not appear to be realized in the current reactions, or at least havesnot
(yet?) been identified in experiment. These are associated with the expectations that a@®GP
would be characterized by a vanishing interaction betweens quarks and exhibit the feateres
of chiral symmetry restoration and, furthermore, that the system would exhibit a clear
phase transition behavior. Likewise, it was originally expected that a QGP phase created
in nuclear collisions would be characterized by a long lifetime (up to 10@¥rand by 28
the existence of a mixed phase exhibiting large fluctuations of characteristic parameters. In
contrast, the present body of measurements compared to theory suggest a short lifetimae of
the system, a large outward pressure, and significant interactions most likely at the patton
level that result in a (seemingly) equilibrated system with fluid-like properties. Thus, the
high density phase that is observed, is not identical to the QGP with properties of an ideal
gas that was imagined a decade or two ago. 34
However, the central question is whether the properties of the matter as it is created in
today’s high energy nucleus—nucleus collisions clearly bears the imprint of a system ctsar-
acterized by quark and gluon degrees of freedom over a range larger that the characteristic
dimensions of the nucleon. We know that in nuclei the strong interaction is mediatectby
a color neutral objects (mesons). Is there experimental evidence that clearly demonstiates
interactions based on the exchange of objects with color over distances larger than those of
conventional confined objects? 41
The best candidate for such an effect is clearly the suppression of high transverse4mo-
mentum particles observed in central AuWu collisions by the four experiments at RHIC. 43
The remarkably large effect that is observed (a suppression by a factor of 3-5 as cem-
pared to peripheral and+ Au collisions) appears readily explainable by radiation losses
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due to the interaction of highy partons with an extended medium (of transverse dimen-
sions considerably larger than nucleon dimensions) consisting of deconfined color chaeges.
Current theoretical investigations, which recently have progressed to attempt first unified
descriptions of the reaction evolution, indicate that scenarios based on interactions between
hadronic objects cannot reproduce the magnitude of the observed effect. 5

The interpretation of current data relies heavily on theoretical input and modelling§in
particular on the apparent necessity to include partonic degrees of freedom in order to atrive
at a consistent description of many of the phenomena observed in the experimental 8ata.
Seen from a purely experimental point of view this situation is somewhat unsatisfying, but
probably not unexpected, nor avoidable, considering the complexity of the reaction &nd
associated processes. 1

It is also clear that the unravelling of the physics of the matter state(s) observed at RBIC
has just begun. In spite of the impressive advances that have been made in the last*hree
years there are still many issues to be understood in detail, such as the differences itf the
high pr suppression of baryons and mesons and the quantitative energy and rapidity dépen-
dence of the final and initial state higiy suppression. Undoubtedly future measuremeni§
will shed new light on these and many other questions. We should not forget, however, that
there are also significant challenges for theory. In the opening chapters of this docurtfent
we remarked on the requirement that scientific paradigms must be falsifiable. We havé®yet
to see a fully self consistent calculation of the entire reaction evolution at RHIC that in°8n
unambiguous way demonstrates the impossibility of a hadronic description. 21

In conclusion, we find that the body of information obtained by BRAHMS and ttfé
other RHIC experiments in conjunction with the available theoretical studies is strongjty
suggestive of a high density system that cannot be characterized solely by hadronic defrees
of freedom but requires a partonic description. Indications are that such a partonic state is
not characterized by vanishing interaction of its constituents, but rather by a relatively High
degree of coherence such as the one characterizing fluids. At the same time |nd|cat|oﬁs of
a coherent partonic state at lowin the colliding nuclei has been found.

There is no doubt that the experiments at RHIC have revealed a plethora of new pshe—
nomena that for the most part have come as a surprise. In this sense it is clear than)the
matter that is created at RHIC differs from anything that has been seen before. Its preuse

description must await our deeper understanding of this matter. .
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