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Forward

The U.S. Department of Energy’s Relativistic Heavy lon Collider (RHIC) construction
project was completed at BNL in 1999, with the first data-taking runs in the summer of 2000.
Since then the early measurements at RHIC have yielded awealth of data, from four independent
detectors, each with itsinternational collaboration of scientists: BRAHMS, PHENIX, PHOBOS,
and STAR[1].

For the first time, collisions of heavy nuclei have been carried out at colliding-beam
energies that have previously been accessible only for high-energy physics experiments with
collisions of “elementary” particles such as protons and electrons. It is at these high energies
that the predictions of quantum chromodynamics (QCD), the fundamental theory that describes
the role of quarks and gluons in nuclear matter, come into play, and new phenomena are sought
that may illuminate our view of the basic structure of matter on the sub-atomic scale, with
important implications for the origins of matter on the cosmic scale.

The RHIC experiments have recorded data from collisions of gold nuclei at the highest
energies ever achieved in man-made particle accelerators. These collisions, of which hundreds
of millions have now been examined, result in final states of unprecedented complexity, with
thousands of produced particles radiating from the nuclear collision. All four of the RHIC
experiments have moved quickly to analyze these data, and have begun to understand the
phenomena that unfold from the moment of collision as these particles are produced. In order to
provide benchmarks of simpler interactions against which to compare the gold-gold collisions,
the experiments have gathered comparable samples of datafrom collisions of avery light
nucleus (deuterium) with gold nuclei, as well as proton-proton collisions, all with identical beam
energies and experimental apparatus.

The early measurements have revealed compelling evidence for the existence of anew
form of nuclear matter at extremely high density and temperature — a medium in which the
predictions of QCD can be tested, and new phenomena explored, under conditions where the
relevant degrees of freedom, over nuclear volumes, are expected to be those of quarks and
gluons, rather than of hadrons. Thisisthe realm of the quark gluon plasma, the predicted state of
matter whose existence and properties are now being explored by the RHIC experiments.

Many theorists have concluded that the results to date provide sufficient evidence that the
guark gluon plasma has indeed been observed. [2] They state that the analyses of all four
experiments point to the existence, in the evolution of the system immediately following a gold-
gold collision, of a near-thermal, strongly interacting medium whose energy-density and
temperature clearly exceed the critical values predicted by QCD calculations for atransition
from ordinary hadronic states to a quark gluon plasma. However, detailed analyses of the data
also make it clear that this hot, dense medium has properties that are surprising, and not yet fully
understood in terms of the early expectations for the quark gluon plasma. For example, it was
often stated, prior to the RHIC data, that the quark gluon plasma should behave like an ideal gas
of quarks and gluons (i.e., like aweakly-coupled plasma state). The data now indicate that the
observed medium behaves more like an ideal fluid, in analogy to a strongly coupled plasma state.
Some theorists have referred to this state as the strongly coupled quark gluon plasma, or sQGP.



The “white papers’ collected here represent the independent assessments from each of
the experimental collaborations of what has been learned so far from their respective
experiments regarding the existence and properties of the quark gluon plasma. The four
collaborations state that the new phenomena they observe are signals of the creation of a new
form of nuclear matter. However, they argue that the surprising properties of this collective
medium seen in the present data need to be augmented with additional key measurements and
also need to be better understood in terms of theoretical models for the formation, evolution, and
freeze-out of a quark gluon plasma. These white papers are very much in the nature of status
reports, providing a*“snapshot” of rapidly evolving programs of data analysis. Much more will
be learned over the next year from the analysis of Run 1V data, obtained in the early months of
2004, which exceed the previous full-energy gold-gold data samples by afactor of ten.

A key result of the early measurements at RHIC is the demonstration that detailed
exploration of the properties of new matter produced in the collisions can be carried out using
experimental probes that are sensitive to the properties of the initial collective medium. What is
more, it has been demonstrated that certain experimental probes are accessible that carry
information directly from the thermal volume of hot matter during itslifetime. Such probes
include the spectra of heavy quarks (charm and bottom) that are formed in the earliest stages of
the collision, and are so massive that their dynamical properties would not be lost to
thermalization at the temperatures and densities that prevail in the plasma of light quarks and
gluons. Another class of such probesis the measurement and classification of high-momentum
jets of particles and high-momentum photons corresponding to energetically scattered quarks and
gluons. Accurate measurements of large samples alow experiments to perform tomography on
theinitial dense matter with “beams’ of quarks and gluons.

These measurements, and others like them, along with continued progress in theory as the
data become more precise, will provide the key to identifying and understanding the new form of
matter produced at RHIC, and what it can reveal about the fundamental properties of the strong
interaction.

S. Aronson and T. Ludlam
Brookhaven National Laboratory
April 2005
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Abstract

We review the main results obtained by the BRAHMS collaboration on the prop-
erties 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 state of deconfined par-
tonic matter, the so called quark-gluon-plasma (QGP). We also discuss evidence for
a possible precursor state to the QGP, i.e. the proposed Color Glass Condensate.

Key words:
PACS: 25.75.q, 25.40.-h, 13.75.-n

1 Introduction

From the onset of the formulation of the quark model and the first under-
standing of the nature of the binding and confining potential between quarks
about 30 years ago it has been conjectured that a state of matter character-
ized by a large density of quarks and gluons (together called partons) might
be created for a fleeting moment in violent nuclear collisions [1]. This high
energy density state would be characterized by a strongly reduced interaction
between its constituents, the partons, such that these would exist in a nearly
free state. Aptly, this proposed state of matter has been designated the quark
gluon plasma (QGP)[2]. Tt is now generally thought that the early universe
was initially in a QGP state until its energy density had decreased sufficiently,
as a result of the expansion of the universe, that it could make the transition
to ordinary (confined) matter.

Experimental attempts to create the QGP in the laboratory and measure its
properties have been carried out for more than 20 years, by studying collisions
of heavy nuclei and analyzing the fragments and produced particles emanating
from such collisions. During that period, center of mass energies per pair of
colliding nucleons have risen steadily from the \/syny ~ 1GeV domain of the
Bevalac at LBNL, to energies of \/syy =5 GeV at the AGS at BNL, and to
Vsny = 17 GeV at the SPS accelerator at CERN. No decisive proof of QGP
formation was found in the experiments at those energies, although a number
of signals suggesting the formation of a very dense state of matter, possibly
partonic, were found at the SPS [3,4].

With the Relativistic Heavy Ion Collider, RHIC, at Brookhaven National Lab-
oratory, the center of mass energy in central collisions between gold nuclei
at 100 AGeV + 100 AGeV is almost 40 TeV, the largest so far achieved in
nucleus-nucleus collisions under laboratory conditions. This energy is so large



that conversion of a sizeable fraction of the initial kinetic energy into matter
production creates many thousands of particles in a limited volume leading
to unprecedented large energy densities and thus presumably ideal conditions
for the formation of the quark gluon plasma.

RHIC started regular beam operations in the summer of year 2000 with a
short commissioning run colliding Au nuclei at /syny = 130 GeV. The first
full run at the top energy (\/syn = 200 GeV) took place in the fall/winter of
2001/2002. The third RHIC run during the winter/spring of 2003 focussed on
d4+Au and p+p reactions. Recently, in 2004, a long high luminosity Au+Au
run at /syy = 200GeV and a short run at /syy = 62.4GeV have been
completed. The collected data from the most recent runs are currently being
analyzed 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 experiments 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.

We concentrate primarily on results from the BRAHMS detector, one of the
four detectors at RHIC, but naturally also refer to results obtained by the
other three experiments (STAR, PHENIX and PHOBOS) insofar as they com-
plement or supplement information obtained from BRAHMS. The BRAHMS
experiment is a two arm magnetic spectrometer with excellent momentum res-
olution and hadron identification capabilities. The two spectrometers subtend
only a small solid angle (a few msr) each, but they can rotate in the hori-
zontal plane about the collision point to collect data on hadron production
over a wide rapidity range (0-4), a unique capability among the RHIC experi-
ments. For details about the BRAHMS detector system we refer the reader to
[5,6]. The large number of articles already produced by the four experiments
at RHIC may be found on their respective homepages [7]. Recent extensive
theoretical reviews and commentaries may be found in refs. [8-10].

2 What is the QGP and what does it take to see it?

The predicted transition from ordinary nuclear matter, which consists of hadrons
inside which quarks and gluons are confined, to the QGP, a state of matter
in which quarks and gluons are no longer confined to volumes of hadronic di-
mensions, can in the simplest approach, be likened to the transition between
two thermodynamic states in a closed volume.

As energy is transferred to the lower energy state a phase transition to the



higher energy state occurs, akin to a melting or an evaporation process. For
a first order phase transition (PT), the transformation of one state into the
other occurs at a specific temperature, 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 thermodynamic
variables as the energy density or temperature is increased. In this picture, it
is tacitly assumed that the phase transition occurs between states in thermo-
dynamic equilibrium. From such thermodynamical considerations, and from
more elaborate models based on the fundamental theory for the strong inter-
action, Quantum Chromo Dynamics (e.g. lattice QCD calculations), estimates
for the critical temperature and the order of the transition can be made. Cal-
culations indicate that the critical temperature should be T, ~ 175MeV in
the case of a vanishing baryon chemical potential [11]. The order of the tran-
sition at various values of the chemical potential is not known. In general, a
decreasing critical temperature with increasing chemical potential is expected.
Likewise, at non-zero chemical potential a mixed phase of coexisting hadron
gas, HG, and QGP is predicted to exist in a certain temperature interval
around the critical temperature. Recently calculational techniques have pro-
gressed to the point of allowing an extension of the lattice methods also to
finite chemical potential. Such calculations also suggest the existence of a crit-
ical point at larger chemical potential above which, the transition may be of
first order.

The transition from ordinary matter to the QGP is thus primarily a deconfine-
ment transition. 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 the expectation value of the quark condensate,
< qq >, vanishes and opposite parity states (chiral partners) are degenerate.
As a consequence of the QGP to HG transition, the chiral symmetry is broken
and the hadrons acquire definite and nondegenerate masses. According to lat-
tice QCD calculations chiral symmetry should be restored at sufficiently high
temperature (7' >> T,).

It is, 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 nuclei to freeze-out of the created fireball, occurs
on a typical timescale of about 10fm/c and is governed by complex reaction
dynamics so that non-equilibrium features may be important. 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.

Many potential experimental signatures for the existence of the QGP have
been proposed. These can be roughly grouped into two classes: 1) evidence



for bulk properties consistent with QGP formation, e.g. large energy density,
entropy growth, plateau behavior of the thermodynamic variables, unusual
expansion and lifetime properties of the system, presence of thermodynamic
equilibration, fluctuations of particle number or charge balance etc, and 2)
evidence for modifications of specific properties of particles thought to arise
from their interactions with a QGP, e.g. the modification of widths and masses
of resonances, modification of particle production probabilities due to color
screening (e.g. J/WU suppression) and modification of parton properties due to
interaction with other partons in a dense medium (e.g. jet quenching), etc.

We may ask the following questions: 1) What is the requirement for calling a
state of matter a QGP, and 2) What would constitute proof of QGP formation
according to that definition?

As far as the first question is concerned it would seem obvious that the deter-
mining factor is whether the high density state that is created in the nuclear
collisions clearly has properties that are determined by its partonic composi-
tion, beyond what is known at the nucleon level in elementary nucleon-nucleon
collisions (e.g. p+p collisions). It has often 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.
Finally, it may be asked whether chiral symmetry restoration is essential. It
would seem that even 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. Thus it would appear that deconfinement
is the foremost property needed to define the QGP state, and the one that
needs to be demonstrated by experiment.

Clearly, the observation of all, or at least of a number of the effects listed above,
in 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 other frameworks, e.g. those based on purely hadronic in-
teractions and not explicitly involving the partonic degrees of freedom. This
suggests the requirement that a 'proof’, in addition to having consistency with
QGP formation, also must contain elements that are only describable in terms
of QGP formation, phase transition etc.

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



In this report we address some of the signatures discussed above, notably the
energy density, which can be deduced from the measured particle multiplici-
ties, the thermal and dynamical properties of the matter at freeze-out which
may be inferred from the abundances and spectral properties of identified par-
ticles, and the modifications of spectral properties arising from the interaction
of particles with the high energy-density medium.

3 Reactions at RHIC: how much energy is released?

The kinetic energy that is removed from the beam and which is available for
the production of a state such as the QGP depends on the amount of stopping
between the colliding ions.

The stopping can be estimated from the rapidity loss experienced by the
baryons in the colliding nuclei. If incoming beam baryons have rapidity, v,
relative to the CM (which has y = 0) and average rapidity

<y>= /ybydy y//ybdN (1)

after the collision, the average rapidity loss is 0y = y,— < y > [12,13]. Here
dN/dy denotes the number of net-baryons (number of baryons minus number
of antibaryons) per unit of rapidity. Thus, for the case of full stopping: dy = .

At AGS energies the number of produced antiprotons is quite small and the
net-baryon distribution is similar to the proton distribution [15-17]. The net-
proton rapidity distribution is centered around y = 0 and is rather narrow.
The rapidity loss for central collisions is about 1 for a beam rapidity of approx.
1.6. At CERN-SPS energies (y/syy = 17GeV, 158 AGeV Pb+ Pb central re-
actions) 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 the ra-
pidity loss is large on an absolute scale means, however, that there is still a
sizeable energy loss of the colliding nuclei. This energy is available for parti-
cle production and other excitations, transverse and longitudinal expansion.
Indeed, in collisions at the SPS, multiplicities of negatively charged hadrons
are about dN/dy = 180 around y = 0. At SPS another feature is visible (see
fig. 1): the net proton rapidity distribution shows a double ’hump’ with a dip
around y = 0. This shape results from the finite rapidity loss of the colliding
nuclei and the finite width of each of the humps, which reflect the rapidity
distributions of the protons after the collisions. This picture suggests that the
reaction at the SPS is beginning to be transparent in the sense that fewer of
the original baryons are found at midrapidity after the collisions, in contrast
to the situation at lower energies.
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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 col-
lisions [19]. At RHIC, where the beam
rapidity is y = 5.4, the full distribution
cannot be measured with current experi-
ments, but BRAHMS will be able to ex-
tend its unique results to y=3.5 from the
most recent high statistics Au+Au run,
corresponding to measurements extend-
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Fig. 2. Insert: fit of the data to two pos-
sible net-baryon distributions (Gaussian
in pz, and 6’th order polynomial) respect-
ing baryon number conservation. In going
from net-proton to net-baryon distribu-
tions we have assumed that N(n) ~ N(p)
and have scaled hyperon yields known
at midrapidity to forward rapidity using
HIJING. Even assuming that all missing
baryons are located just beyond the ac-
ceptance edge or at the beam rapidity,

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

ing to 2.3 degrees with respect to the
beam direction.

BRAHMS has measured [19] the net proton rapidity distribution at RHIC in
the interval y = 0 — 3 in the first run with (0 —10%) central Au+Au collisions
at full energy. The beam rapidity at RHIC is about 5.4. Details of the analysis
can be found in [19]. The results are displayed in fig. 1 together with the
previously discussed net-proton distributions measured at AGS and SPS. The
distribution measured at RHIC is both qualitatively and quantitatively very
different from those at lower energies indicating a significantly different system
is formed near midrapidity.

The net number of protons per unit of rapidity around y = 0 is only about
7 and the distribution is flat over at least the +1 unit of rapidity. The distri-
bution rises in the rapidity range y = 2 — 3 to an average dN/dy ~ 12. We
have not yet completed the measurements at the most forward angles (highest
rapidity) allowed by the geometrical setup of the experiment, but we can ex-
ploit 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 distribu-
tions whose integral areas correspond to the number of baryons present in the
overlap between the colliding nuclei. From such distributions one may deduce
a set of upper and lower limits 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 these effects [19]. The



conclusion is that the absolute rapidity loss at RHIC (dy = 2.0 £ 0.4) is not
appreciably larger than at SPS. The value is close to expectations from ex-
trapolations of pA data at lower energies [13,14]. In fact the relative rapidity
loss is significantly reduced as compared to an extrapolation of the low energy
systematics [12].

It should be noted that the rapidity loss is still significant and that, since the
overall beam energy (rapidity) is larger at RHIC than at SPS, the absolute
enerqy loss increases appreciably from SPS to RHIC thus making available a
significantly increased amount of energy for particle creation in RHIC reac-
tions.

In particular we have found that the average energy loss of the colliding nuclei
corresponds to about 73 + 6 GeV per nucleon [19]. From our measurements of
the particle production as a function of rapidity (pions, kaons and protons and
their antiparticles) we can deduce not only the number of produced particles
but also their average transverse 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 kinetic energy is removed from the beam per central Au+Au collision. This
enerqgy is available for particle production in a small volume immediately after
the collision.

4 Energy density

The collision scenario that we observe at RHIC and which was outlined in the
previous section indicates that the reaction can be viewed as quite transparent.
After the collision, the matter and energy distribution can be conceptually
divided up into two main parts, a so—called fragmentation region consisting of
the excited remnants of the colliding nuclei which have experienced an average
rapidity loss, 0y ~ 2, and a central region in which few of the original baryons
are present but where significant energy density is collected.

This picture is in qualitative agreement with the schematic one already pro-
posed by Bjorken 20 years ago [20]. The central region (an interval around
midrapidity) is decoupled from the fragments. In that theoretical scenario the
energy removed from the kinetic energy of the fragments is initially stored in
a color field strung between the receding partons that have interacted. The
linear increase of the color potential with distance eventually leads to the
production of quark-antiquark pairs. Such pairs may be produced anywhere
between the interacting partons leading to an approximately uniform particle



production as a function of rapidity and similar spectra characteristics in each

frame of reference (boost invariance).
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Fig. 3. Pseudorapidity densities (multi-
plicities) of charged particles measured
by BRAHMS for /syy = 200GeV
Au+Au collisions for various central-
ities. The integral of the most cen-
tral distribution 0 — 5% corresponds to
about 4600 charged particles [6].
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Fig. 4. Multiplicity of charged particles
per participant pair around midrapid-
ity, as a function of /syy. The figure
shows that the particle production in
Au+Au collisions at the RHIC top en-
ergy , around 1 = 0, exceeds that seen
in p+p collisions by 40-50%.

Figure 3 shows the overall multiplicity of charged particles observed in Au+Au
collisions at RHIC [6] for various collision centralities and as a function
of pseudorapidity. The figure shows that the multiplicity at RHIC is about
dN/dn = 625 charged particles per unit of rapidity around n = 0 for central
collisions. Figure 4 shows that the production of charged particles in central
collisions exceeds the particle production seen in p+p collisions at the same
energy by 40-50%, when the yield seen in Au+Au collisions is divided by the
number of pairs of participant nucleons (participant scaling). Also we note
that the average rapidity loss in p+p collisions is 0y =~ 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 for Au+Au collisions.

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 multiply 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
as a function of transverse momentum we can determine the average transverse
mass for each particle species (fig. 5). This allows us to estimate the initial



energy density from Bjorkens formula [20]

1 d{Er)
= 2
¢ TR*T dy (2)

where we can make the substitution d(Er) = (mr)dN and use quantities from
the measured spectral distributions. Since we wish to calculate the energy
density in the very early stages of the collision process we may use for R
the radius of the overlap disk between the colliding nuclei, thus neglecting
transverse expansion. The formation time is more tricky to determine [21,22].
From the uncertainty relation and the typical relevant energy scale (200 MeV)
one infers a formation time of the order of 1 fm/c. This leads to € ~ 5 GeV /fm?,
which should be considered as a lower limit. Alternatively, one may use the
average transverse momentum of produced particles around midrapidity (see
fig. 5) to set the energy scale. This leads to estimates of the energy density
that are 3-4 times higher. The ¢ ~ 5GeV/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 density for 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 exceeds the energy density of hadrons.

5 Is there thermodynamical and chemical equilibrium at RHIC?

It has traditionally been considered crucial to determine whether there is
thermodynamical 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 should evidence the recognizable features of
a phase transition.

In nuclear collisions, however, the time scale available for equilibration is very
short and the entire system only lives in the order of 10 fm/c. Consequently,
it is not evident that the system will evolve through equilibrated states. If
equilibrium is established, it would suggest that the system existed for a short
time in a state with sufficiently short mean free path. A central issue is whether
equilibrium is established in the hadronic cloud in the later stages of the
collisions just prior to freeze-out or whether it is established on the partonic
level prior to hadronization [25]. Thus, even if equilibration per se is probably
not a requirement for defining the QGP, it may prove to be an important tool
in identifying the QGP.
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5.1 Particle yields
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Fig. 5. Top panel: rapidity density distribution for positive and negative pions, kaons
and protons measured by Brahms. The shown data have not been corrected for feed
down. The lines show Gaussian fits to the measured distributions. Bottom panel:
average mp distributions as a function of rapidity. From [26].
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Fig. 6. Ratios of antiparticles to particles (pions, kaons and protons) as a function of
rapidity for \/syn = 200 GeV Au+Au collisions measured by the BRAHMS exper-
iment [27]. For the first time in nuclear collisions an approximate balance between
particles and antiparticles is seen around midapidity. Statistical and systematic er-
rors are indicated.

Figure 5 shows the results of a recent and more detailed study of particle
production in 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 construct the ratio of the yields of particles
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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. integrated over 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 same and equal to 0.15 [26], while at forward rapidity the ratio of positive
kaons and pions increases as expected for a larger baryochemical potential. The lines
show statistical model predictions assuming a temperature of 177 MeV and up = 29
MeV.
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Fig. 8. Total relativistic energy carried by charged hadrons (pions, kaons, protons
and their antiparticles) in the rapidity interval 0 < y < 3 deduced from the informa-
tion in fig. 5 and using the relationship E = mycosh(y). 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 range —3 < y < 3 carry
about 9 TeV of total energy whereas particle in the range —1 < y < 1 carry about
1.5 TeV.

and their antiparticles as a function of rapidity. Figure 6 shows the ratios
of yields of antihadrons to hadrons (posititive pions, kaons and protons and
their antiparticles). The ratio is seen to be approaching unity in an interval
of about 1.5 units of rapidity around midrapidity, suggesting that the parti-
cle production in the central region is predominantly from pair creation. This
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is true for pions (ratio of 1), but less so for kaons (ratio=0.95) and protons
(ratio= 0.76). There are processes that break the symmetry between parti-
cles and antiparticles that depend on the net-baryon content discussed in the
previous section. One such process that is relevant for kaons is the associated
production mechanism (e.g. p+p — p+ A+ K1) which leads to an enrichment
of positive kaons in regions where there is an excess of baryons. Support for
this view is given by fig. 7, 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, the rapidity density of
K strongly exceeds that of K. In contrast, at RHIC, production of K+
and K~ is almost equal. This situation changes, however, at larger rapidities
where the net proton density increases.

From the measured yields of identified particles as a function of rapidity and
their momentum spectra we may calculate the total relativistic energy carried
by particles in the rapidity interval y = 0 — 3. This is shown in fig. 8. By
integrating and reflecting the total energy distribution around y = 0 and
adding the estimate contribution from neutrals we may deduce that about 9
TeV are carried by the particles in the rapidity range |y| < 3.
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Fig. 9. Correlation between the ratio of charged kaons and the ratio of antiprotons
to protons. The dashed curve corresponds to equation 4 in the text using ps = 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. The circles denote ratios measured by BRAHMS at the top RHIC energy
at different rapidities in the range 0 < y < 3. At midrapidity the baryochemical
potential has decreased to up ~ 25MeV.

The particle yields measured by BRAHMS also lend themselves to an analysis
of the charged particle production in terms of the statistical model [27-33].
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Figure 9 shows the ratios of negative kaons to positive kaons as a function
of the corresponding ratios of antiprotons to protons for various rapidities at
RHIC. The data are for central collisions, and the figure also displays similar
ratios for heavy ion collisions at AGS and SPS energies. There is 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 thermal equilibrium at the quark level, the ratios can be written

PEL— cop( =g ®)
and - ) ) ~
) = eon( I ey (2 (@)

where p, u and T' denote number density, chemical potential and tempera-
ture, respectively. From equation 3 we find the chemical potential for u and
d quarks at midrapidity to be around 25MeV, the lowest value yet seen in
nucleus-nucleus collisions. Equation 4 tells us that for a vanishing strange
quark chemical potential we would expect a power law relation between the
two ratios with exponent 1/3. The observed correlation deviates from the naive
expectation suggesting a finite value of the strange quark chemical potential.

A more elaborate analysis assuming a grand canonical ensemble with charge,
baryon and strangeness conservation can be carried out by fitting these and
many other particle ratios observed at RHIC in order to obtain the chemical
potentials and the temperature. It is found that a very large collection of such
particle ratios are extremely well described by the statistical approach [31,33].
An example of such a procedure is shown in fig. 9 and displayed with the
full line [32]. Here the temperature is 170 MeV. The point to be made 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 system is in chemical equilibrium over the considered /s
and y ranges (or at least locally in the various y bins). However, that statistical
fits reproduce particle ratios is only a necessary condition for equilibration.
Separate measurements at RHIC of, for example, elliptical flow also suggest
that the system behaves collectively and thus that the observed ratios are not
just due to the filling of phase space according to the principle of maximum
entropy.

5.2 Flow

The properties of the expanding matter in the later stages of the collisions up
to the moment when interactions cease (kinetic freeze out) can be studied from
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Fig. 10. Temperature and (surface) transverse flow velocity at the kinetic freezeout
as a function of collision centrality for Au+Au collisions at midrapidity. The values
have been obtained from blastwave fits to measured transverse momentum spectra.
BRAHMS preliminary [40].

the momentum distribution of the emitted particles. The slopes of spectra of
emitted particles depend in general on the temperature of the source from
which they were created and on kinetic effects that may alter the expected
Maxwellian distribution, such as a velocity component resulting from an over-
pressure leading to an outwards flow of the matter. This flow is expected, in
the case of (at least local) thermal equilibrium and sufficient density, to be
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 have ceased.

In the so-called blastwave approach the spectrum shape is parametrized by
a function depending on the temperature and on the transverse expansion
velocity which in turn depends on the radius. The result of such analyses
for several particle/antiparticle species indicates that the thermal (freezeout)
temperature is in the range T' = 120 — 140 MeV and that the maximum flow
velocity is about 0.70c — 0.75¢ as displayed in Fig. 10. The first quantity is
found, as expected, to be lower than the temperature of the chemical freeze
out discussed in the previous subsection. Indeed, it would be expected that
the freeze-out of particle ratios occurs earlier than the kinetic freeze out of
the particles. The flow velocity component is larger than what was observed
at SPS energies. This is consistent with a large pressure gradient in the trans-
verse direction resulting from a large initial density. Fig.10 shows results from
analysis of midrapidity particle spectra from the BRAHMS experiment using
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the blastwave approach.

Another powerful tool to study the thermodynamic properties of the source is
the analysis of the azimuthal momentum distribution of the emitted particles
relative to the event plane (defined as the direction of the impact parame-
ter). This distribution is usually parametrized as a series of terms depending
on cos(n(¢ — ¢,)), where ¢ and ¢, denote the azimuthal angles of the par-
ticle and of the reaction plane, respectively. The coefficient (v;) to the n=1
term measures the so-called directed flow and the coefficient (v2) to the n=2
term measures the elliptic flow. Elliptic flow has been analyzed at RHIC [34—
39] and has been found to reach (for many hadron species) large (vq) values
consistent with the hydrodynamical limit and thus of equilibration. Model
calculations suggest [41-47] that the observed persistence of azimuthal mo-
mentum anisotropy indicates that the system has reached local equilibrium
very quickly and that the equilibrium can only be established at the partonic
level when the system is very dense and has many degrees of freedom. This
explanation presupposes however that there are many interactions and thus
that the dense partonic phase is strongly interacting.

The particle ratios observed at RHIC can be well described by concepts from
statistical physics applied at the quark level, thus assuming thermodynamical
equilibrium. However this is only a necessary condition and not a sufficient
condition for equilibration. The observation of a strong elliptic flow at RHIC
and comparison to model calculation suggests that the system is strongly col-
lective as must be the case for an equilibrated system.

6 High p; suppression. The smoking gun of QGP?

The discussion in the previous sections indicates that the conditions for par-
ticle production in an interval |y| < 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 significantly the
one required for QGP formation. The overall scenario is therefore consistent
with particle production from a color field, formation of a QGP and subse-
quent hadronization. Correlation and flow studies suggest that the lifetime
of the system is short (< 10fm/c) and, for the first time, there is evidence
suggesting thermodynamic equilibrium already at the partonic level.

But, is this interpretation unique? And, can more mundane explanations based
on a purely hadronic scenario be excluded? In spite of the obvious difficulties
in reconciling the high initial energy density with hadronic volumes, a com-
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prehensive answer to this question requires the observation of an effect that
is directly dependent on the partonic or hadronic nature of the formed high
density zone.

6.1 High pr suppression at midrapidity: final state partonic energy loss?

Such an effect has recently been discovered at RHIC and is related to the sup-
pression of the high transverse momentum component of hadron spectra in
central Au+Au collisions as compared to scaled momentum spectra from p+p
collisions [48-51]. The effect, originally proposed by Bjorken, Gyulassy and
others [52-55] is based on the expectation of a large energy loss of high mo-
mentum partons, scattered in the initial stages of the collisions, 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 charge
of the gluons, the energy loss is proportional to the square of the length of color
medium traversed. Such a mechanism would strongly degrade the energy of
leading partons resulting in a reduced transverse momentum of leading par-
ticles in the jets that emerge after fragmentation into hadrons. The STAR
experiment has shown that the topology of high pr hadron emission is consis-
tent with jet emission, so that we may really speak about jet-suppression [57].

The two upper rows of fig. 11 show our measurements [48,58] of the so-called
nuclear modification factors for unidentified charged hadrons from Au+Au
collisions at rapidities 7 = 0 and 2.2. The nuclear modification factor is defined

as:
d>N44 /dp,dn

Ran= 5 p Ny Jdp.dn’ (5)

It involves a scaling of measured nucleon-nucleon transverse momentum distri-
butions by the calculated number of binary nucleon-nucleon collisions, Ny;,. In
the absence of medium effects, the nuclear collisions can, at high pr be viewed
as a superposition of elementary hard nucleon-nucleon collisions. Consequently
we expect Ra4 = 1 at high pr. At low pr, where the particle production fol-
lows a scaling with the number of participants, the above definition of R4
leads to Ra4 < 1 for pr < 2GeV/c.

In fact, it is found that R44 > 1 for pr > 2GeV/c in nuclear reactions at
lower energy. This enhancement, first observed by Cronin, is associated with
multiple scattering of partons [59,60].

Figure 11 demonstrates that, surprisingly, R44 < 1 also at high pr for central
collisions at both pseudorapidities, while R44 &~ 1 for more peripheral colli-
sions. It is remarkable that the suppression observed at pr ~ 4 GeV /c is very
large, amounting to a factor of 3 for central Au+Au collisions as compared to
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Fig. 11. Nuclear modification factors Ra,4, as defined in the text,measured by
BRAHMS for central (top row) and semi-peripheral (middle row) Au+Au collisions
at midrapidity (left) and forward pseudorapidity (right). Note the strong suppres-
sion of the high py component above pp > 2 GeV seen at both rapidities. The
lower row shows the factor R, i.e. the ratio of the R 4,4, for central and periph-
eral collisions. This ratio has the property of being independent of the p+p reference
spectrum [48].

p+p and a factor of more than 4 as compared to the more peripheral collisions.
Such large suppression factors are observed at both pseudorapidities.

The very large suppression observed in central Au+Au collisions must be
quantitatively understood and requires systematic modelling of the dynam-
ics. At 7 = 0 the particles are emitted at 90 degrees relative to the beam
direction, while at n = 2.2 the angle is only about 12 degrees. In a naive geo-
metrical picture of an absorbing medium with cylindrical symmetry around
the beam direction, the large suppression seen at forward angles suggests that
the suppressing medium is extended also in the longitudinal direction. Since
the observed high pr suppression is similar or even larger at forward rapid-
ity as compared to 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 problem is more complicated, due to the
significant transverse and in particular longitudinal expansion that occurs as
the leading parton propagates through the medium, effectively reducing the
densities of color charges seen. Also other high pr suppressing mechanisms
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Fig. 12. Ratio R, of the suppression factors R, at pseudorapidities n = 0 and
n = 2.2 that are shown in figure 11. The figure suggest that high pr suppression
persists (and is even more important) at forward rapidity than at n = 0 [48].

may come into play at forward rapidities (see discussion on the Color Glass
Condensate in the following chapter).
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Fig. 13. Nuclear modification factors measured for central Au+Au collisions and
minimum bias d4+Au collisions at \/syy = 200 GeV, evidencing the important high
pr suppression observed in central Au+Au collisions [48] which is absent in the
d+Au reactions. The shaded band around the points indicates the systematic errors.
The shaded box on the ordinate around unity shows the estimated uncertainty on
the value of Ny,;,.

It has been conjectured that the observed high pr suppression might be the re-
sult of an 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
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(which have v = 100). As a test of these ideas we have determined the nuclear
modification factor for d+Au minimum bias collisions at /syy = 200 GeV.
The resulting Rga, is shown in fig. 13 where it is also compared to the R 4,44
for central collisions previously shown in fig. 11. No high pr jet suppression
is observed for d+Au [48,63-65]. The Rga, distribution at y = 0 shows a
Cronin enhancement similar to that observed at lower energies [18,66,67]. At
pr ~ 4GeV/c we find a ratio Rgay/Rauaw =~ 4 — 5. These observations are
consistent with the smaller transverse dimensions of the overlap disk between
the d and the Au nuclei and also appear to rule out initial state effects as the
cause of the observed high pr yield reduction observed in Au+Au collisions.

High pr suppression at forward rapidities may also be expected to arise from
the possible Color Glass Condensate phase in the colliding nuclei (see the
discussion in the next section). There is little doubt that systematic studies
of the high pr jet energy loss as a function of the thickness of the absorbing
medium obtained by varying the angle of observation of high pr 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.

6.2 The flavor composition
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Fig. 14. Ratios of particle yields p/7t (left) and p/7~ (right) measured at mid-ra-
pidity for 0-10% central Au+Au collisions at \/syn = 200GeV. The error bars
show the statistical errors. The systematic errors are estimated to be smaller than
8%. Data at /s = 63 GeV for p+p collisions [69] are also shown (open circles). The
solid line in the right hand panel is the (p+ p)/(7" + 7~) ratio measured for gluon
jets [70] in e™ + e~ collisions.

With its excellent particle identification capabilities BRAHMS can also study
the dependence of the high pr suppression on the type of particle. Prelimi-
nary results [58,68] indicate that mesons (pions and kaons) experience high
pr suppression while baryons (protons) do not. The reason for this difference
is at present not well understood.

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
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Fig. 15. Comparison of the ratios yields of p/7~ at rapidities y = 0 and y = 2.2.
In spite of small statistics the data suggest that a forward rapidity the flow may
be weaker resulting in a derecreased yield of antiprotons relative to pions above
pr ~ 2 GeV. BRAHMS preliminary [68]

a flatter transverse momentum spectrum for baryons than for mesons, thus
possibly compensating for a high pr suppression effect similar to that of the
mesons. It is also possible that the difference reflects details associated with
the fragmentation mechanism that leads to different degrees of suppression
of the high pr component for 2 and 3 valence quark systems. Finally the
difference may reflect the mechanism of recombination for 3 quarks relative to
that for 2 quarks in a medium with a high density of quarks.

Figure 14 shows a recent investigation by BRAHMS (ref. [68]) of the baryon
to meson ratios at mid-rapidity p/7" and p/7~, as a function of pr for the
0-10% most central Au+Au collisions at /syy = 200 GeV. The ratios in-
crease rapidly at low py and the yields of both protons and anti-protons are
comparable to the pion yields for pr > 2 GeV/c. The corresponding ratios for
pr > 2GeV /c observed in p + p collisions at /s = 62 GeV [69] and in gluon
jets produced in e + e~ collisions [70] are also shown. The increase of the
p/m" and p/7~ ratios at high pr, seen in central Au+Au collisions, relative
to the level seen in p + p and e* + ¢~ indicates significant differences in the
overall description, either at the production or fragmentation level.

Figure 15 shows the comparison of BRAHMS data for the ratio of antiprotons
to negative pions at n = 0 and 2.2. Although statistics at high transverse
momentum are low there are indications that the ratio is smaller at the higher
rapidity for pr > 2 GeV. Recent calculations based on a parton recombination
scenario [71-73] with flow at the partonic level appear to be able to describe
the data at midrapidity, while calculations omitting flow fall short of the data
already at pr ~ 1.5 GeV.

The experimental and theoretical investigation of these questions is, however,

still in its infancy. These issues can and will be addressed in depth through
the analysis of the large data set collected by BRAHMS in the high luminosity
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Au+Au run of year 2004.

6.3 High pr suppression at lower energy?
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Fig. 16. Nuclear modification factor R,4, measured by BRAHMS for charged
hadrons at n = 0.95 for 0 — 10% central Au+Au collisions at /s, = 62.4GeV [74].
The dark shaded band indicates the systematic errors on the data, the lighter shaded
band the combined estimated systematic error on the Au+Au data data and the
p+p reference.

The short commissioning run for Au+Au collisions at \/syy = 62.4 GeV has
allowed us to carry out a first analysis of the high pr suppression of charged
hadrons at an energy of about 1/3 the maximum RHIC energy and about 3.5
times the maximum SPS energy. Preliminary results are shown in figure 16
for nuclear modification factor calculated for the sum of all charged hadrons
measured at 45 degrees(n = 0.9) with respect to the beam direction. The data
have been compared to reference spectra measured in /syy = 63 GeV p+p
collisions at the CERN-ISR. The figure shows that the high pr data are less
suppressed at \/syn = 62.4 GeV than at /syy = 200 GeV. This is consistent
with recent results from PHOBOS [75]. For comparison, at SPS energies no
high pr suppression was 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.

The remarkable suppression of high pr jets at mid-rapidity seen at RHIC is
an important signal that evidences the interaction of particles originating from
hard parton scatterings with the high energy density medium created in the
collisions. The quantitative understanding of the observed high pr suppression,
as a function of energy, should be able to determine whether this suppression
occurs at the partonic or hadronic level. This needs to be supplemented by
detailed studies of the flavor dependence of the suppression mechanism.
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7 The color glass condensate: a model for the initial state of nuclei?

As part as the study of the high py suppression in nucleus-nucleus collisions
BRAHMS has investigated the rapidity dependence of the nuclear modifica-
tion factors as a function of rapidity (n = 0,1,2.2,3.2) in d4+Au collisions at
V5nvn = 200 GeV. As discussed in the previous section the measured nuclear
modification factors for d4Au are consistent with the absence of high pr sup-
pression around midrapidity. This may be taken as direct evidence for the fact
that the strong high pr suppression seen in Au+Au collisions around y = 0
is not due to particular conditions of the colliding nuclei (initial state effects)

[63,64,63] and [48].
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Fig. 17. Evolution of the nuclear modification factors measured by BRAHMS for
the 10% most central d+Au collisions at \/syny = 200 GeV, as a function of pseudo-
rapidity n [76].

At forward rapidity in d4+Au collisions, however, BRAHMS has observed [76]
a marked high pr suppression starting already at n = 1 (see Fig. 17) and
increasing smoothly in importance with increasing pseudorapidity (up to n =
3.2). It has been proposed that this effect at forward rapidity [77] is related
to the initial conditions of the colliding d and Au nuclei, in particular to the
possible existence of the Color Glass Condensate (CGC).

The CGC is a description of the ground state of swiftly moving nuclei prior
to collisions [78]. Due to the non Abelian nature of QCD, gluons self inter-
act which results in nuclei containing a large number of low—x gluons (x is
the fraction of the longitudinal momentum carried by the parton) that ap-
pears to diverge (grow) with decreasing x. There is however, a characteristic
momentum scale, termed the saturation scale, below which the gluon density
saturates. This effect sets in when x becomes small and the associated gluon
wave length (m%ﬂ,) increases to nuclear dimensions. In such a regime gluons
may interact and form a coherent state reminiscent of a Bose-Einstein con-
densate. Early indications for the formation of such non-linear QCD systems
have been found in lepton-hadron or lepton-nucleus collisions at HERA [79]
and have been described by the so called “Geometric Scaling” model [80].
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The density of gluons % ~ ais in such a saturated system is high, since

a, the strong interaction running coupling constant, decreases as the energy
increases. The system can therefore be described as a (semi)classical field, and
techniques borrowed from field theory can be employed to find the functional
form of the parton distributions in the initial state [82].

Saturation in the wave function sets in for gluons with transverse momentum
Q* < @Q*= A%(%’)’\ ~ Ase™. A value of A ~ 0.3 is estimated from fits to
HERA data [81]. The dependence of the saturation scale s on the atomic
number of the target and rapidity 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 low x phenomena in
nuclear collisions closer to midrapidty.

Collisions between heavy ions with energies £ = 100 AGeV may therefore
provide a window to the study of low—z gluon distributions of swiftly moving
nuclei. In particular, head-on collisions between deuterons and gold nuclei in
which hadrons, produced mostly in quark-gluon collisions, are detected, close
to the beam direction but away from the direction of motion of the gold nuclei,
allow the low—x components (mostly gluons) of the wave function of the gold
nuclei to be probed.
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Fig. 18. Central to peripheral ratios Rop as a function of pseudorapidity mea-
sured by BRAHMS for d+Au collisions at the RHIC top energy [76]. The filled
circles represent the central-to-peripheral (0-20% over 60-80%) ratio. The open cir-
cles the semicentral-to-peripheral (30-50% over 60-80%) ratio. The shaded band
around unity indicates the uncertainty associated with the values of the number of
binary collisions at the different centralities.

The centrality dependence of the nuclear modification factors provides ad-
ditional information on the mechanism underlying the observed suppression.
Fig. 18 shows the Rcp 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 collisions(open points), suitably scaled
by the corresponding number of binary collisions, versus pr and 7. There is a
substantial change in R¢op as a function of . At n = 0 the central-to-peripheral
collisions ratio is larger than the semicentral-to-peripheral ratios suggesting an

24



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, suggesting a suppression mechanism that scales with the centrality
of the collisions.

The observed suppression of yields in d+Au collisions (as compared to p+p
collisions) has been qualitatively predicted by various authors [83-86], within
the Color Glass Condensate scenario. Recently, a more quantitative calcula-
tion has been carried out [87] which compares well with the data. Other au-
thors [88,89] have estimated the nuclear modification factors based on a two
component model that includes a parametrization of perturbative QCD and
string breaking as a mechanism to account for soft coherent particle produc-
tion using HIJING. HIJING uses the mechanism of gluon shadowing to reduce
the number of gluon-gluon collisions and hence the multiplicity of charged par-
ticles a lower p;. HIJING has been shown to give a good description of the
overall charged particle multiplicity in d4+Au collisions. A similar approach
was followed by Barnafoldi et al. [90]. Vogt has used realistic parton distribu-
tion functions and parametrizations of nuclear shadowing to give a reasonable
description of the minimum bias data though not of the centrality depen-
dence [91]. Guzey et al. have suggested that isospin effects may increase the
suppression [92]. Hwa et al. have reproduced the measured nuclear modifica-
tion factors in calculations based on quark recombination in the final state
[93].

The high pr-suppression in Au+Au collisions at large rapidites discussed ear-
lier suggests that there may be two competing mechanisms responsible for the
observed high pr suppression in energetic Au+Au collisions, each active in its
particular rapidity window. It has been proposed [8] that the high pr suppres-
sion observed around midrapidity reflects the presence of an incoherent (high
temperature) state of quarks and gluons while the the high pr suppression
observed at forward rapidities bears evidence of a dense coherent partonic
state. Clearly, additional analysis of recent high statistics data for Au +Au
collisions at high rapidites, as well as firmer theoretical predictions are needed
to understand the quantitative role of gluon saturation effects in energetic
nucleus-nucleus collisions.

The suppression of high pr particles seen at forward rapidities in nucleus-
nucleus collisions is a novel and unexpected effect and may be related to a new
collective partonic state that describes nucler at small z, and hence the initial
conditions for the reaction in energetic nucleus-nucleus collisions.
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8 Conclusions and perspectives

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 characterized 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, so the conditions for the formation of a
very high energy density zone with approximate balance between matter and
antimatter, in an interval of |y| < 1.5 around midrapidity are present.

The indications are that the initial energy density is considerably larger than
5 GeV /fm 3, 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 flavors suggest chemical equilibrium at
a temperature in the vicinity of T=175 MeV and a near-zero light quark
chemical potential. The temperature thus determined for the chemical freeze-
out compares well with the prediction for the critical temperature obtained
from lattice QCD calculations. The conditions necessary for the formation of
a dense system of quarks and gluons therefore appear to be present.

However, there are a number of features, early on considered as defining the
concept of the QGP, that do not appear to be realized in the current reactions,
or at least have not (yet?) been identified in experiment. These are associated
with the expectations that a QGP would be characterized by a vanishing in-
teraction betweens quarks and exhibit the features of chiral symmetry restora-
tion 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 100 fm/c)
and by the existence of a mixed phase exhibiting large fluctuations of charac-
teristic parameters. In contrast, the present body of measurements compared
to theory suggest a short lifetime of the system, a large outward pressure, and
significant interactions most likely at the parton level that result in a (seem-
ingly) 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.

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 characterized 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 mediated by a color neutral objects
(mesons). Is there experimental evidence that clearly demonstrates interac-
tions based on the exchange of objects with color over distances larger than

26



those of conventional confined objects?

The best candidate for such an effect is clearly the suppression of high trans-
verse momentum particles observed in central Au+Au collisions by the four
experiments at RHIC. The remarkably large effect that is observed (a sup-
pression by a factor of 3-5 as compared to peripheral and d+Au collisions)
appears readily explainable by radiation losses due to the interaction of high
pr partons with an extended medium (of transverse dimensions considerably
larger than nucleon dimensions) consisting of deconfined color charges. Cur-
rent 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.

The interpretation of current data relies heavily on theoretical input and mod-
elling, in particular on the apparent necessity to include partonic degrees of
freedom in order to arrive at a consistent description of many of the phenomena
observed in the experimental data. 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 and associated processes.

It is also clear that the unravelling of the physics of the matter state(s) ob-
served at RHIC has just begun. In spite of the impressive advances that have
been made in the last three years there are still many issues to be understood
in detail, such as the differences in the high pr suppression of baryons and
mesons and the quantitative energy and rapidity dependence of the final and
initial state high py suppression. Undoubtedly future measurements 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 document we remarked on the requirement that scientific paradigms
must be falsifiable. We have yet to see a fully self consistent calculation of the
entire reaction evolution at RHIC that in an unambiguous way demonstrates
the impossibility of a hadronic description.

In conclusion, we find that the body of information obtained by BRAHMS
and the other RHIC experiments in conjunction with the available theoret-
ical studies is strongly suggestive of a high density system that cannot be
characterized solely by hadronic degrees 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 indica-
tions of a coherent partonic state at low x in the colliding nuclei has been
found.

There is no doubt that the experiments at RHIC have revealed a plethora of
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new phenomena that for the most part have come as a surprise. In this sense it
is clear that the matter that is created at RHIC differs from anything that has
been seen before. Its precise description must await our deeper understanding
of this matter.
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Abstract

Extensive experimental data from high-energy nucleus-nucleus collisions were recorded
using the PHENIX detector at the Relativistic Heavy Ion Collider (RHIC). The
comprehensive set of measurements from the first three years of RHIC operation
includes charged particle multiplicities, transverse energy, yield ratios and spectra
of identified hadrons in a wide range of transverse momenta (pr), elliptic flow,
two-particle correlations, non-statistical fluctuations, and suppression of particle
production at high pp. The results are examined with an emphasis on implications
for the formation of a new state of dense matter. We find that the state of matter
created at RHIC cannot be described in terms of ordinary color neutral hadrons.
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1 INTRODUCTION

1.1 Historical Introduction

A recurring theme in the history of physics is the desire to study matter under
extreme conditions. The latter half of the twentieth century saw this quest ex-
tended from ’ordinary’ atomic systems to those composed of nuclear matter.
Even prior to the identification of Quantum Chromodynamics (QCD) as the
underlying theory of the strong interaction, there was considerable interest in
the fate of nuclear matter when subjected to density and temperature ex-
tremes [1-3]. Particularly intriguing was the suggestion that new phases of
nuclear matter could be associated with a corresponding change in the struc-
ture of the vacuum [4]. These considerations gained additional impetus with
the realizations that a) QCD was the correct theory of the strong interaction,
b) the phenomena of quark confinement was a consequence of the nonpertur-
bative structure of the vacuum and c¢) this vacuum structure is modified at
high temperatures and/or densities, suggesting that quarks and gluons under
such conditions would be deconfined. Taken together, these facts suggest that
QCD is a fundamental theory of nature containing a phase transition that is
accessible to experimental investigation.

It is quite remarkable that this understanding was achieved very early in the
development of QCD. Collins and Perry noted in 1975 [5] that the reduction
of the coupling constant at small distances indicated that the dense nuclear
matter at the center of neutron stars would consist of deconfined quarks and
gluons 2 . Their treatment focused on the high-density, low-temperature regime
of QCD, but they did note that similar arguments might apply to the high
temperatures present in the early universe. An extensive review by Shuryak
in 1980 [7] is the first to have examined the high-temperature phase in detail,
and is also notable for proposing the phrase “quark-gluon plasma” (QGP) to
describe the deconfined state:

When the energy density € exceeds some typical hadronic value (~ 1 GeV /fm?),
matter no longer consists of separate hadrons (protons, neutrons, etc.), but

Email address: PHENIXSpokesperson: zajc@nevis.columbia.edu
(W.A. Zajc).
! Deceased
2 In fact, prior to the development of QCD the quark hypothesis raised serious
issues concerning the stability of neutron stars [6].
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as their fundamental constituents, quarks and gluons. Because of the ap-
parent analogy with similar phenomena in atomic physics we may call this
phase of matter the QCD (or quark-gluon) plasma.

Developing a quantitative understanding of the deconfining phase transition
in hadronic matter and of QGP properties has proven to be a challenging
task. While simple dimensional arguments suffice to identify both the criti-
cal energy density e ~ 1GeV/fm?® and the associated critical temperature
To ~ 170MeV, these values also imply that the transition occurs in a regime
where the coupling constant is of order unity, thereby making perturbative
descriptions highly suspect.

Progress in understanding QCD in the extremely non-perturbative domain
near the critical temperature has relied on an essential contribution by Creutz
[8], who showed that numerical implementations of Wilson’s lattice formu-
lation [9] could be used to study phase transition phenomena. This work,
together with the continued exponential increases in computing power, stim-
ulated the development of lattice QCD, which in turn has led to detailed
investigations of the thermodynamic properties of quarks and gluons [10].

160 [ e
14.0 | £/ T?
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Fig. 1. Lattice QCD results [11] for the energy density / 7% as a function of the
temperature scaled by the critical temperature 7. Note the arrows on the right
side indicating the values for the Stefan-Boltzmann limit.

Lattice QCD predicts a phase transformation to a quark-gluon plasma at a
temperature of approximately 7' ~ 170MeV ~ 10'? K, as shown in Fig. 1 [11].
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This transition temperature corresponds to an energy density ¢ ~ 1GeV/ fm?®,
nearly an order of magnitude larger than that of normal nuclear matter. As
noted above, this value is plausible based on dimensional grounds, since such
densities correspond to the total overlap of several (light) hadrons within a
typical hadron volume of 1-3 fm®. No plausible mechanism exists under which
hadrons could retain their in vacuo properties under these conditions. Lattice
calculations also indicate that this significant change in the behavior of the
system occurs over a small range in temperature (~20 MeV), and suggest that
the change of phase includes the restoration of approximate chiral symmetry
resulting from greatly reduced or vanishing quark constituent masses.

T

QGP My,q = 0; mg =00

150 MeV |- ----___

~~ . o Tricritical Point

Hadronic

\
/ 1 GeV [
Nuclear Matter

Fig. 2. Theoretical phase diagram of nuclear matter for two massless quarks as a
function of temperature T and baryon chemical potential p [12].

In the limit of massless noninteracting particles, each bosonic degree of free-
dom contributes §—3T4 to the energy density; each fermionic degree of freedom
contributes % this value. The corresponding “Stefan-Boltzmann” limits of the
energy density egp for the case of 2(3) active flavor quark-gluon plasma is
then

7 2 w2
2p 22, 3e= + 25 -8 —T* =37 —T* 1
€SB =
{3;-2,-2 3z+2 8}12T4—47512T4 (2)
T T )

after summing over the appropriate flavor, spin, quark/antiquark and color
factors for quarks and spin times color factors for gluons. The large numerical
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coefficients (37 and 47.5) stand in stark contrast to the value of ~3 expected
for a hadron gas with temperature T' < T, in which case the degrees of
freedom are dominated by the three pion species 7=, 7% 7.

The exact order of this phase transition is not known. In a pure gauge the-
ory containing only gluons the transition appears to be first order. However,
inclusion of two light quarks (up and down) or three light quarks (adding the
strange quark) can change the transition from first order to second order to
a smooth crossover. These results are obtained at zero net baryon density;
dramatic changes in the nature of the transition and in the medium itself are
expected when the net baryon density becomes significant. A schematic version
of the phase diagram for an idealized form of nuclear matter with vanishing
light quark (up and down) masses and infinite strange quark mass is presented
in Fig. 2 [12]. For sufficiently large values of the baryon chemical potential u
this system exhibits a first order phase transition between hadronic matter
and QGP, along with a tricritical point below which the transition becomes
second order. However, non-zero values of the light quark masses dramatically
alter this simple picture: The second order phase transition denoted by the
dashed line in Fig. 2 becomes a smooth crossover, and the tricritical point
correspondingly becomes a critical point designating the end of the first order
transition found at higher values of u. For example, recent calculations [13,14]
indicate that the transition is a crossover for values of p <~ 400 MeV. Given
that both theoretical arguments and experimental data suggest that nucleus-
nucleus collisions at RHIC (at least near mid-rapidity) are characterized by
low net baryon density, we will restrict our attention to this regime, while
noting that the predicted smooth nature of the transition in this region in-
creases the experimental challenges of unambiguously establishing that such a
transition has occurred. We also note that while Fig. 2 shows that the region
of low temperature and high baryon density is expected to show a transition
to a color superconducting phase of matter, this regime is not accessible to
RHIC collisions and will not be discussed further.

While the lattice results plotted in Fig. 1 show that the energy density reaches
a significant fraction (~ 0.8) of the Stefan-Boltzmann values in the deconfined
phase, the deviation from egp, and the reason for the persistence of that
deviation to the highest studied values of T'/T¢, are of great interest. For
instance, Greiner has noted [15] that “in order to allow for simple calculations
the QGP is usually described as a free gas consisting of quarks and gluons.
This is theoretically not well founded at T" =~ T,.”. In fact, analysis of the
gluon propagator in a thermal system [16,17] has demonstrated that effective
masses of order g(T)T are generated, suggesting that the relevant degrees of
freedom are in fact massive near 7. my ~ T, could be generated by gluons.
Especially interesting is recent work which indicates that both heavy [18-20]
and light [21] flavor states may remain bound above T, calling into question
the naive interpretation of £(7") as an indicator of the explicit appearance of
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quark and gluon degrees of freedom. This is supported by explicit calculations
of the spectrum of bound states above T [22] which predict a rich structure
of states that belies a description as a weakly interacting parton gas.

To emphasize this point, consider the standard measure of the degree of cou-
pling in a classical plasma, obtained by comparing the relative magnitudes of
the average kinetic and potential energies:

(3)

—~

In the case of the QCD plasma the mean inter-particle spacing should scale
as some numerical coefficient times 1/7". Naively, this gives a mean potential
energy (V(r)) ~ as(T)(1/r) ~ as(T)T, leading to

Any reasonable estimate for the numerical coefficients leads to I' > 1, which is
the condition for a “strongly-coupled” plasma. In reality, the screening present
at such densities (or equivalently, the generation of effective gluon masses)
modifies the mean potential energy to (V(r)) ~ ¢g(7)T', which only increases
the estimated value of I' [23]. Considerations such as these have led some
authors [24,25] to denote quark-gluon plasma in this regime as “sQGP” for
“strongly interacting QGP”.

It is worth noting that this state of affairs has been anticipated by many
authors. Whether the argument was based on the divergence of perturbative
expansions [26], on phenomenological descriptions of confinement [27], on the
development of effective gluon masses from plasmon modes [28] or on general
principles [15], it is clear that the QGP near Ty should not be regarded as an
ideal gas of quarks and gluons.

How high a temperature is needed not just to form a quark-gluon plasma, but
to approach this “weakly” interacting plasma? A calculation of the pressure
of hot matter within perturbative QCD [29] is shown in Fig. 3. The pressure
result oscillates significantly as one considers contributions of different orders.
These oscillations are an indication that the expansion is not yielding reliable
results. However at temperatures approaching 1000 times of T (= Ajzg), they
appear to be converging toward the Stefan-Boltzmann limit (asymptotically
free partons). It is interesting that in considering the highest-order term, the
results are still nonconvergent though one seems to approach the lattice cal-
culated pressure. Unlike the case of single parton-parton scattering at zero
temperature, the infrared problems of finite-temperature field theory prevent
further analytic progress even for very small values of the coupling constant
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Fig. 3. Perturbative QCD results for the pressure as a function of temperature at
various orders normalized to the Stefan-Boltzmann value psp [29].

[20-31].

The goal of relativistic heavy ion physics is the experimental study of the
nature of QCD matter under conditions of extreme temperature. A great em-
phasis has been placed on “the discovery of the quark-gluon plasma”, where
the terminology “quark-gluon plasma’” is used as a generic descriptor for a
system in which the degrees of freedom are no longer the color neutral hadron
states observed as isolated particles and resonances. This definition is lim-
ited since high-energy proton-proton reactions cannot be described purely in
terms of color-neutral hadrons, but rather require analysis of the underlying
partonic interactions. The hoped-for essential difference in heavy ion collisions
is the dominance of the partonic-level description for essentially all momentum
scales and over nuclear size distances. Beyond this simple criterion, in order to
characterize the produced system as a state of matter it is necessary to estab-
lish that these non-hadronic degrees of freedom form a statistical ensemble,
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so that concepts such as temperature, chemical potential and flow velocity
apply and the system can be characterized by an experimentally determined
equation of state. Additionally, experiments eventually should be able to de-
termine the physical characteristics of the transition, for example the critical
temperature, the order of the phase transition, and the speed of sound along
with the nature of the underlying quasi-particles. While at (currently unob-
tainable) very high temperatures T > T the quark-gluon plasma may act as
a weakly interacting gas of quarks and gluons, in the transition region near 7T,
the fundamental degrees of freedom may be considerably more complex. It is
therefore appropriate to argue that the quark-gluon plasma must be defined in
terms of its unique properties at a given temperature. To date the definition is
provided by lattice QCD calculations. Ultimately we would expect to validate
this by characterizing the quark-gluon plasma in terms of its experimentally
observed properties. However, the real discoveries will be of the fascinating
properties of high temperature nuclear matter, and not the naming of that
matter.

1.2 Experimental Program

The theoretical discussion of the nature of hadronic matter at extreme densi-
ties has been greatly stimulated by the realization that such conditions could
be studied via relativistic heavy ion collisions [32]. Early investigations at the
Berkeley Bevalac (c. 1975-1985), the BNL AGS (c. 1987-1995) and the CERN
SPS (c. 1987—present) have reached their culmination with the commissioning
of BNL’s Relativistic Heavy Ion Collider (RHIC), a dedicated facility for the
study of nuclear collisions at ultra-relativistic energies [33].

The primary goal of RHIC is the experimental study of the QCD phase tran-
sition. The 2002 Long-Range Plan for Nuclear Science [34] clearly enunciates
this objective:

...the completion of RHIC at Brookhaven has ushered in a new era. Studies
are now possible of the most basic interactions predicted by QCD in bulk nu-
clear matter at temperatures and densities great enough to excite the expected
phase transition to a quark-gluon plasma. As the RHIC program matures,
experiments will provide a unique window into the hot QCD vacuum, with
opportunities for fundamental advances in the understanding of quark con-
finement, chiral symmetry breaking, and, very possibly, new and unexpected
phenomena in the realm of nuclear matter at the highest densities.

The RHIC accelerator and its four experiments were commissioned and brought

online in the summer of 2000. The initial operation of both RHIC and the
experiments has been remarkably successful. In these first three years the ac-
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celerator has collided, and the experiments have acquired data on, Au+Au
collisions at five energies, an essential p + p baseline data set, and a critical
d+Au comparison. The analyses of these various systems have resulted in a
correspondingly rich abundance of results, with over 90 publications in the
refereed literature.

It is therefore appropriate to reflect on the physics accomplishments to date,
with a particular emphasis on their implications for the discovery of a new
state of matter. At the same time, it is essential to identify those features of
the data (if any) that are at odds with canonical descriptions of the produced
matter, to specify those crucial measurements which remain to be made, and
to outline a program for continued exploration and characterization of strongly
interacting matter at RHIC. The PHENIX collaboration [35] has performed
such an assessment; this document represents a summary of its findings.

The PHENIX Conceptual Design Report [36], submitted to BNL/RHIC man-
agement on January 29th, 1993, outlined a comprehensive physics program
focused on the search for and characterization of new states of nuclear matter.
The measurement of electromagnetic probes and high-transverse-momentum
phenomena formed a major thrust of the proposed program. It was also re-
alized that the measurement of global variables and soft identified hadron
spectra in the same apparatus was essential to the goal of understanding the
evolution of the produced matter over all relevant timescales. These diverse
criteria required combining an unprecedented number of subsystems together
with a high-bandwidth trigger and data-acquisition system into an integrated
detector design. Particular attention was given to minimizing the conflicting
design criteria of the central arm spectrometers, with their requirement for
minimal mass in the aperture, and those of the muon spectrometers which
require maximal absorption of the incident hadron flux. The data acquisition
and trigger system was designed to accommodate the great variety of inter-
action rates and event sizes provided by RHIC. Every effort was made to
provide for future upgrades, both in the geometry of the experiment and in
the architecture and design parameters of the read-out system.

The published PHENIX results of Au+Au collision at a center-of-mass energy
per nucleon pair, /sy, of 130 GeV [37-48] and at /syy = 200 GeV [49-55],
p+ p collisions at /s = 200 GeV [56,57], and d+Au at \/syy = 200 GeV [58]
clearly demonstrate that PHENIX’s goal to make high-quality measurements
in both hadronic and leptonic channels for collisions ranging from p + p to
Au+Au has been realized. A summary of these results illustrates this point:

e Systematic measurement of the dependence of the charged particle pseudo-
rapidity density [37] and the transverse energy [38] on the number of par-

ticipants in Au+Au collisions at /syy=130 GeV.
e Discovery of suppressed production for 7%s and charged particles at high
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pr in Au+Au collisions at \/syy=130 GeV [39] and a systematic study of
the scaling properties of the suppression [47]; extension of these results to
much higher transverse momenta in Au+Au collisions at /syy=200 GeV
[49,53].

e Co-discovery (together with BRAHMSI[59], PHOBOS[60] and STAR[61]) of
absence of high-p; suppression in d+Au collisions at /syy=200 GeV [58].

e Discovery of the anomalously large proton and anti-proton yields at in-
termediate transverse momentum in Au+Au collisions at /syy=130 GeV
through the systematic study of 7%, K* p and p spectra [40]; measure-
ment of A’s and A’s in Au+Au collisions at /syxy=130 GeV [43]; study of
the scaling properties of the proton and anti-proton yields in Au+Au colli-
sions at /syy=200 GeV [52]; measurement of deuteron and anti-deuteron
spectra at /syy=200 GeV [62].

e Measurement of Hanbury-Brown-Twiss (HBT) correlations in #*7" and
-7~ pairs in Au+Au collisions at \/syy=130 GeV [41] and 200 GeV [63],
establishing that the “HBT puzzle” of Ryt =~ R extends to high pair
momentum.

e First measurement of single electron spectra in Au+Au collisions at /sy y=130
GeV, suggesting that charm production scales with the number of binary
collisions [42].

e Sensitive measures of charge fluctuations [44] and fluctuations in mean pr
and transverse energy per particle [45,55] in Au+Au collisions at /syy=130
GeV and 200 GeV.

e Measurements of elliptic flow for charged particles from Au+Au collisions at

snny=130 GeV [46] and identified charged hadrons from Au+Au collisions
at \/syn=200 GeV [50].

e Extensive study of hydrodynamic flow, particle yields, ratios and spectra
from Au+Au collisions at \/syy=130 GeV [48] and 200 GeV [54].

e First observation of J/1 production in Au+Au collisions at /syy=200 GeV
[51].

e Measurement of crucial baseline data on 7° spectra [56] and J/t production
[57] in p + p collisions at 1/s=200 GeV.

side

These publications encompass physics from the barn to the picobarn level,
their very breadth precludes a detailed presentation here. These data, together
with a rich program of future RHIC measurements, will allow us to address
many of the features that would characterize a quark-gluon plasma:

Temperature

Parton number density

Energy density

Opacity

Collective behavior

Thermalization leading to the quark-gluon phase
Deconfinement
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Number and nature of degrees of freedom

Recombination of quarks and gluons to form final-state hadrons
Chiral symmetry restoration

Time evolution of system parameters

Equation of state

Color and thermal transport properties

Critical behavior

As emphasized above, the present PHENIX data set from RHIC runs in year
2000 to 2003 already provides an extensive set of measurements on global
variables: (transverse energy and multiplicity, elliptic flow); correlations and
fluctuations: (fluctuations in charge and (p7), HBT measurements), hadron
spectra: (low-pr single-hadron spectra and radial flow, particle ratios, reso-
nances, anomalous p/7 ratio at intermediate pr); high-pr physics: (high-pr
singles spectra, suppression phenomena in A + A, nonsuppression in d + A,
high-pr two-particle correlations, nuclear suppression/enhancement in for-
ward /backward directions), heavy flavor production: (charm, J/v), and elec-
tromagnetic probes: (direct photons). However, an important conclusion of
this report is that systematic studies of these observables (vs. collision species
and energy) are needed to extract unambiguous information on most of these
features.

1.3 Organization of this Document

As a result, this paper concentrates on those aspects of the present data that
address the broad features of energy density, thermalization, deconfinement
and critical behavior. The focus in most cases will be on the data of the
PHENIX experiment, but the data of the other RHIC experiments will be
cited to support and to extend the discussion?®. The experimental tools that
allow the systematic study of all phenomena as a function of the inferred im-
pact parameter are presented in the context of hard-scattering phenomena.
These methods and the associated data are then used to discuss the exper-
imental evidence for the formation of a state of high-density matter. The
measured abundances, spectra and flow patterns are used to analyze the de-
gree of thermalization and collectivity in the produced matter. These results
are then examined for evidence establishing the role of deconfined quarks and
gluons in the produced system, along with the implications for its description
as a quark-gluon plasma. A concluding section summarizes the findings and
identifies key future measurements required to further refine our observations.

3 An underappreciated aspect of the RHIC program is the excellent agreement
between the various experiments in almost all measured channels.
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2 ENERGY DENSITY AND E7, Nog

A prerequisite for creating a quark-gluon plasma is producing a system with
sufficiently large energy density. From both elementary estimates [22] and
from extensive numerical studies in lattice QCD [11,10], the required density
is known to be on the order of 1 GeV/fm3. Establishing that this energy
density is created in RHIC collisions is a basic ingredient in establishing the
creation of a QGP at RHIC.

In this section we explore what can be deduced about the energy densities
achieved in RHIC A+A collisions from measurements of the global transverse
energy and multiplicity. In later sections these estimates will be compared to
densities inferred from hydrodynamics-based models (Section 3) and from jet
quenching evidence (Section 6).

Specifically, we will address three different energy density estimates, and in-
troduce two distinct time scales: (i) The peak general energy density that
is achieved when the incoming nuclei overlap; (ii) The peak formed energy
density involving created particles at proper time Tpo.,; and (iii) The peak
thermalized energy density present at proper time Trpe., when local thermal
equilibrium is first achieved (assuming that this occurs). The values and time
scales for formed and thermalized energy densities are indicated schematically
in Fig 4; detailed explanations follow in Sections 2.3 and 2.4.

In this Section we will also review data on overall particle multiplicities, and
through them distinguish between different models of the initial particle pro-
duction.

2.1 General Energy Density

The simplest definition of “energy density” is the total mass-energy within
some region of space divided by the volume of that region, as seen at some
instant of time in some Lorentz frame. However, this definition is not satisfac-
tory since we can “trivially” raise any simple energy density by viewing the
system in a different frame. For example, a static system with constant energy
density pg in its rest frame—say, a gold nucleus—will appear to have energy
density v2py when viewed in a frame boosted by Lorentz . Accordingly, we
can only calculate a meaningful energy density (¢) as mass-energy/volume for
some region in the case when the total momentum in the region is zero.

Now let us imagine a symmetric RHIC A+A collision at a moment when the
two original nuclei are overlapping in space, as seen in the lab/CMS frame.
The total momentum in any overlap region is zero by symmetry, so we can
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Fig. 4. Schematic drawing of the time and energy density scales derived through
the Bjorken picture.

calculate a meaningful—if short-lived—energy density for such a region. If
each nucleus has energy density py in its rest frame then the total energy
density in the overlap region is just () = 2pyy2. If we take a nominal py=0.14
GeV/fm3 for a nucleus at rest and v = 106 for a full-energy RHIC collision,
then the result for the peak general energy density is (¢) =3150 GeV /fm?. This
is a spectacularly, almost absurdly high number on the scale of ~1 GeV /fm?
associated with the familiar transition described by lattice QCD.

This energy density is of course artificial, in that it would be temporarily
present even in the case of no interactions between the two nuclei. It is in-
structive to consider the (again artificial) case where the nucleons in the two
nuclei have only elastic interactions. Then the time during which a high en-
ergy density is present over any volume cannot last longer than ¢t = 2R/~,
where R is the rest-frame radius of the nucleus. With R =7 fm for Au this
time is only 0.13 fm/c at RHIC, and after this time all energy densities will
fall precipitously back to pg if no secondary particles are created. The scale of
this interval is so short that a scattering cannot even be said to have occurred
within that volume unless its momentum transfer scale () exceeds at least 1.5
GeV/e¢, or more.

Accordingly, we will turn our attention instead to energy densities involving
only produced particles, as the potential source for a QCD transition.
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2.2 Formed Energy Density

In any frame (not just the CMS frame) where the two incoming nuclei have
very high energies the region when/where the nuclei overlap will be very thin
in the longitudinal direction and very short in duration. In this limit, then,
it is fair to describe all secondary produced particles as having been radiated
out from a very thin “disk”, and that they are all created at essentially the
same time. These realizations lead directly to the picture described by Bjorken
[64], whose original diagram is reproduced in Fig. 5 and whose derivation we
retrace briefly here.

2d
a 86 =20y =29

AN

region of
interest

quanta emerging
from collision point
at speed of light

——— receding
nuclear
pancake

Fig. 5. Figure from Bjorken [64] illustrating the geometry of initially produced
particles at a time t after the overlap of the incoming nuclei in some frame. The
picture is valid in any frame in which the incoming nuclei have very high energies
and so are highly Lorentz contracted.
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Once the beam “pancakes” recede after their initial overlap, the region between
them is occupied by secondaries at intermediate rapidities. We can calculate
the local energy density of these created particles if we make one further
assumption: that the secondaries can be considered “formed” at some proper
time Tromm after they are radiated out from the thin source disk.

Our region of interest, in any frame, will be a slab perpendicular to the beam
direction, with longitudinal thickness dz, with one face on the “source” plane
in this frame, and transverse extent with area A covering the nuclear overlap
region. At time t = Ty, this volume will contain all the (now-formed) par-
ticles with longitudinal velocities 0 < 8 < dz/Trom, (since we assume that the
particles cannot scatter before they are formed!). We can then write this num-
ber of particles as dN = (dz/ Tporm)%, or equivalently dN = (dz/ Tporm)z—g,
where y is longitudinal rapidity, since dy = d3 at y = 3 = 0. If these particles
have an average total energy (mr) in this frame (F = my for particles with
no longitudinal velocity), then the total energy divided by the total volume of
the slab at t = Ty, is just

B dN(mT) dN(TForm) <mT>

R R FR———
_ 1 dET(TForm) (5)
7—Fm"m14 dy

where we have equated df—yT = <mT>% and emphasized that Eq.5 is true for
the transverse energy density present at time t = Tpypp,.

Equation 5 here is essentially identical® to Eq. 4 of Bjorken’s result [64],
and so is usually referred to as the Bjorken energy density €p;. It should be
valid as a measure of peak energy density in created particles, on very general
grounds and in all frames, as long as two conditions are satisfied: (1) A finite
formation time 7g,,,, can meaningfully be defined for the created secondaries;
and (2) The thickness/ “crossing time” of the source disk is small compared to
TForm, that is, Tperm > 2R /. In particular, the validity of Eq. 5 is completely
independent of the shape of the dEr(Trorm)/dy distribution to the extent that
By is infinitesimally small in a comoving frame; a plateau in dEr/dy is not
required. For present practical purposes, we will consider condition (2) above
to be satisfied as long as 7pym, > 2R/ is true, corresponding to Tgypmm, >0.13
fm/c for full-energy Au+Au collisions at RHIC.

4 The region described here corresponds to half the shaded region shown in Fig.
5. Since f) ~ 0 for particles near the source location, this is an appropriate region
over which we can calculate a meaningful energy density.

> A (well-known) factor of 2 error appears in the original.
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Bjorken’s original motivation was to estimate, in advance of data, the energy
densities that would be reached in high-energy A+A collisions, using knowl-
edge of p(p) +p collisions to estimate (mr) and dN/dy, and choosing Tggpm, ~1
fm/c without any particular justification other than as an order-of-magnitude
estimate. With A+A collision data in hand, attempts have been made to use
Eq. 5 to estimate the energy densities that are actually achieved in the colli-
sions. Historically, €p; has been calculated using the final-state dEr/dy and
simply inserting a nominal value of 1 fm/c for Tpe.,. In addition, fixed target
experiments have been using dEr/dn as an estimate for dEp/dy, which is a
good approximation for these experiments; at RHIC a correction is made for
the Jacobian dy/dn which is important for a collider geometry. These “nominal
Bjorken energy density” estimates, which we term 5gj‘?mi"“l, range for central
event samples from about 1.5 GeV/fm? in Au+Au collisions at AGS energies
[65] (/Syny =5 GeV), to about 2.9 GeV/fm® in Pb+Pb collisions at SPS en-
ergies [66,38] (,/5yy =17 GeV; and see also [67]) to about 5.4 GeV/fm? in
Au+Au collisions at full RHIC energy [67] (1/55, =200 GeV).

It has often been noted that all of these values are similar to, or higher than,
the 1 GeV/fm? scale required for the QCD transition. However, we cannot
take these 5%7]9”"“[ estimates seriously as produced energy densities without
some justification for the value of 1 fm/c taken for Tpy.,. An indication of
potential problems with this choice arises immediately when considering AGS
Au+Au and SPS Pb+Pb collisions, where the CMS “crossing times” 2R/~ are
5.3 fm/c and 1.6 fm/c respectively, which implies that this choice for Ty, =1
fm/c actually violates the validity condition Tge., > 2R/y we set for the use
of Eq. 5. So we will deprecate the use of 55]9"“'"“1 as an quantitative estimate
of actual produced energy density, and instead treat it only as a compact way
of comparing dE7/dn measurements across different systems, centralities and

beam energies.

2.8 Realistic Trorm and ep; estimates

Can we justify a better estimate for 7z, 7 We might say, on general quantum
mechanical grounds, that in a frame where its motion is entirely transverse
a particle of energy my can be considered to have “formed” after a time
t = h/m7 since its creation in that frame. To estimate the average transverse
mass, we can use the final-state dE7/dn to estimate dEr(Trorm)/dy and, cor-
respondingly, use the final-state dN/dn as an estimate for dN(Tporm)/dy to
obtain

dET (’Tporm)/dy dET/dT] .
- ~ Final .
(mr) IN ey N dn (Final state) (6)
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PHENIX has measured the ratio of final-state transverse-energy density to
charged-particle density, each per unit pseudorapidity, and the results are
shown in Fig. 6. For a wide range of centralities the ratio is remarkably con-
stant at about 0.85 GeV for full-energy central Au+Au collisions, and shows
very little change with beam energy, decreasing to only 0.7 GeV when /5
is decreased by an order of magnitude down to 19.6 GeV.
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Fig. 6. The ratio of transverse energy density in pseudorapidity to charged particle
density in pseudorapidity, at mid-rapidity; shown as a function of centrality, rep-
resented by the number of nucleons participating in the collision, Ny, for three
different RHIC beam energies [67].

If we approximate dN®" /dn = (2/3)dN/dn in the final state then Eq. 6 would
imply (m7) ~0.57 GeV and corresponding gy, ~0.35 fm/c, a value shorter
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than the “nominal” 1 fm/c but still long enough to satisfy our validity condi-
tion Tporm > 2R/~ at RHIC. Inserting this value into Eq. 5, along with the
highest dEr/dn = 600 GeV for 0-5% central events as measured by PHENIX
[67], yields a value of (¢) = 15 GeV/fm? for the energy density in initially
produced, mid-rapidity particles in a central RHIC Au+Au collision, that is,
roughly 100 times the mass-energy density of cold nuclear matter.

It is important to note that this large value of the energy density as ob-
tained from Eq. 5 represents a conservative lower limit on the actual (e(TForm))
achieved in RHIC collisions. This follows from two observations: (1) The final-
state measured dE7/dn is a solid lower limit on the dEr(Tporm)/dy present
at formation time; and (2) The final-state ratio (dEr/dn)/(dN/dn) is a good
lower limit on (mg) at formation time, and so yields a good upper limit on
Trorm. We justify these statements as follows:

Several mechanisms are known that will decrease dFEr/dy as the collision sys-
tem evolves after the initial particle formation, while no mechanism is known
that can cause it to increase (for y = 0, at least). Therefore, its final-state
value should be a solid lower limit on its value at any earlier time. A partial
list of the mechanisms through which dEr/dy will decrease after t = Tpymm
includes: (i) The initially formed secondaries in any local transverse “slab”
will, in a comoving frame, have all their energy in transverse motion and none
in longitudinal motion; if they start to collide and thermalize, at least some
of their Er will be converted to longitudinal modes in the local frame; (ii)
Should rough local thermal equilibrium be obtained while the system’s ex-
pansion is still primarily longitudinal, then each local fluid element will lose
internal energy through pdV work and so its Er will decrease; (iii) If there are
pressure gradients during a longitudinal hydrodynamic expansion then some
fluid elements may be accelerated to higher or lower rapidities; these effects
are complicated to predict, but we can state generally that they will always
tend to decrease dEr/dy where it has its maximum, namely at y = 0. Given
that we have strong evidence that thermalization and hydrodynamical evolu-
tion do occur in RHIC collisions (Section 3), it is likely that all these effects
are present to some degree, and so we should suspect that final-state dEr/dn
is substantially lower than dEr(Tpemm)/dy at mid-rapidity.

Turning to our estimate of Ty, the assumption that 7y, = A/ {(ms) cannot
be taken as exact, even if the produced particles’ mr’s are all identical, since
“formed” is not an exact concept. However, if we accept the basic validity of
this uncertainty principle argument, then we can see that the approximation
in Eq. 6 provides a lower limit on (mg). First, the numerator dEr/dn is a
lower limit on dE7(Trerm)/dy, as above. Second, the argument is often made
on grounds of entropy conservation that the local number density of particles
can never decrease [68], which would make the final-state denominator in Eq.
6 an upper limit on its early-time value.
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With these limits in mind, then, it is not unreasonable for us to claim that the
peak energy density of created particles reached in central Au+Au collision
at RHIC is at least 15 GeV/fm?, and in all likelihood is significantly higher.

2.4 Thermalized Energy Density

We have arrived at a reasonably solid, lower-limit estimate for the energy den-
sity in produced particles in a RHIC Au+Au collision, and it is more than
enough to drive a QCD transition. But the situation at ¢t = 7g,., pictured in
Fig. 5 looks nothing like local thermal equilibrium. It is an important ques-
tion, then, to ask: if and when the system evolves to a state of local thermal
equilibrium, is the energy density still sufficient to drive the transition to a

QGP?

To answer this we begin by looking at the state of the system at ¢t = Tpom
and immediately afterward. At the time they are formed the particles have
sorted themselves out automatically, with all the particles on a “sheet” at a
longitudinal position z having the same longitudinal velocity 3 = z/t; and
so in the rest frame of a sheet all the sheet’s particles have only transverse
motion. If the particles continue free-streaming and never reinteract then the
energy density will continue to fall as ¢ ~ 1/t and the Bjorken formula in Eq.
5 will be valid, with ¢ in place of Trymm, as long as the expansion is primarily
longitudinal 6 .

For thermalization to occur the particles will have to start interacting and/or
radiating. Once this happens the particles which were originally together on
one “sheet” will start to spread in longitudinal velocity, though on short time
scales we would expect their group average longitudinal velocity to remain the
same. If the thermalization process is fast enough, then, we would expect that
at time t = Trperm these groups will have formed locally equilibrated fluid
elements, with a velocity profile following ﬂﬁp luid — 7 /t. The energy density at
this time will be reduced from the energy density at formation time &(7porm)
by a factor Tperm/Trherm; i-e. the ep; of Eq. 5 but with 7rpe, in place of
Trorm- Lhis evolution is illustrated in Fig. 4.

Once local equilibration is achieved we would then expect the system to evolve
hydrodynamically, and the behavior of £(¢) will depend on the details of the
local equations of state (EOS). Without knowing those details, though, we can
say that in the limit of low pressure, p/e ~ 0, the energy density will continue
to evolve (during longitudinal expansion) as ¢ ~ 1/¢, while in the limit of
high pressure, p/e ~ 1/3, the energy density will decrease somewhat more

6 For long times ¢t > R transverse expansion will become significant and the energy
density will decrease as & ~ 1/t3.

o6



quickly, € ~ 1/t*/3, within a fluid element. This range of possible behaviors
for t > Trperm is indicated schematically in Fig. 4.

A direct theoretical determination of 77pe., would require a detailed descrip-
tion of both the parton-parton interactions and the resulting evolution of the
system density. However, other lines of reasoning may provide information
ON Trperm- For example, it has been argued [69] that the strong elliptic flow
in RHIC collisions can be taken as evidence for fast thermalization (see Sec-
tion 3.3). In a hydrodynamic picture the source of elliptic flow is the spatial
anisotropy of the energy density in the transverse plane at the time hydrody-
namics becomes valid. If local equilibration and the onset of hydrodynamics
is delayed because interactions between the initially produced particles are
weak at first, then the spatial anisotropy which could give rise to elliptic flow
will be reduced (see Fig. 14). This, in effect, limits how high 77y can be if
hydrodynamics is the mechanism for generating elliptic flow.

We can see from Table 1 in Section 3.5 that hydrodynamical models typically
require quite short thermalization times, in the range of 0.6-1.0 fm/c, in order
to reproduce the magnitude of elliptic flow which is observed at RHIC. If we
take this range as typical of what hydrodynamics would imply for 774¢qm, then
we can calculate the corresponding “typical” implied energy densities at ther-
malization time as in range of 5.4 GeV/fm? to 9.0 GeV/fm?. These densities
are well above that required to drive the QCD transition, so the combination
of our transverse energy measurements and the fast thermalization times from
hydrodynamics can be taken, to some degree, as evidence that conditions to
create the equilibrated upper phase of QCD matter are achieved at RHIC.

2.5 What Are the Initial Quanta?

With our extensive use of the picture in Fig. 5 it is only natural to ask, “What
are these initially produced particles?” that Bjorken referred to, nonspecifi-
cally, as “quanta”. What models do we have for initial production, and what
can we say about them using our data on F7 and multiplicity?

The simplest assumption is that the initially produced particles in a RHIC
collision are scattered partons at mid- to low-pr, traditionally known as “mini-
jets”. For a long period in advance of RHIC data, it was widely expected that
mini-jets would be the dominant channel for E7 and particle production, and
this led to two further, general expectations: first, that multiplicity and Ep
per interacting nucleon would go up sharply at collider energies, as compared
to fixed-target energies, since jet and mini-jet cross sections are increasing
quickly with /s (see Fig. 7); and, secondly, that Er and multiplicity per
participating nucleon would increase steeply in more central events, since the
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rate of hard pQCD scatterings goes up faster with centrality than does the
number of interacting nucleons.
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Fig. 7. Figure from Li and Wang [70] showing trends in final-state charged multiplic-
ity per participant pair vs. (nucleon-nucleon) beam energy. (PHENIX data points
have been added.) The curves are the result of their two-component “hard/soft”
model, which reproduces well the multiplicities from elementary p(p) + p collisions
at RHIC energies. The same model extended to nuclear collisions with no regulating
mechanism on hard processes (the “No Shadowing” line) over-predicts the multi-
plicities in central RHIC collisions, while the data can be matched if substantial
nuclear shadowing of gluons is invoked (shaded band).
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It was therefore quite surprising when the first RHIC data [71,37,38] showed
lower multiplicities than had been predicted from mini-jet models, and only a
modest increase in Ep and multiplicity per participant as functions of central-
ity. Compared to the sharp rise, shown in Fig. 7, predicted by straightforward
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factorized pQCD, it was clear that some mechanism must be acting at RHIC
energies to restrict, or regulate, particle production [72,70].
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Fig. 8. Multiplicity per participant nucleon pair, as a function of centrality, for
VSxn =130 GeV and 200 GeV Au+Au collisions as measured in PHENIX [73]; com-
pared to theoretical predictions available in 2002. “HIJING” is a pQCD-based model
[74], while “KLN” features gluon saturation in the initial state [75,76]; “EKRT” as-
sumes saturation in the final state [77,78].

pQCD-based models have parameters regulating the momentum scales; these
include a lower-momentum cutoff, and the factorization and fragmentation
scales. Figure 8 shows that the pQCD-based HIJING model, circa 2002, was
able to reproduce 130 GeV and 200 GeV dN.,/dn reasonably well. However,

in that model jet production via hard scattering is an important mechanism
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for particle production, and the combination of the /s dependence of hard-
scattering cross sections with the growth of the nuclear overlap with centrality
causes the model to predict an increase in the ratio between the two data sets
with centrality. The observed ratio is, instead, quite constant. Thus the authors
found it necessary to introduce a centrality-dependent shadowing to regulate
the jet growth [70].

An alternative to models which use collinearly factorized pQCD is found in
the “color glass condensate” picture, in which the gluon population of low-
x, low-pr states in the initial nuclear wave function is limited by transverse
overlap and fusion of these low-pr gluons. The phase-space density saturates
because of the competition between extra gluon radiation from higher-z gluons
and nonlinear fusion of the gluons at high density. Au+Au collisions are then
collisions of two sheets of colored glass, with the produced quarks and gluons
materializing at a time given by the inverse of the saturation momentum,
T = 1/Q;. Saturation of gluons with momenta below @, provides a regulating
mechanism that limits the rise in gluon—and later, hadron—multiplicity with
centrality and beam energy. Models featuring this initial-state gluon saturation
agree well with essentially all RHIC data on the multiplicity density, which is
dominated by low-momentum particles [75,76]. This is seen, for instance, in
Fig. 8.

In this picture, the total gluon multiplicity is proportional to 1/ay - Q2, which
limits the number of low-momentum charged particles produced. Q)4 evolves
slowly with collision centrality and beam energy. For central Au+Au collisions,
it has been estimated that the typical my scale of the gluons “liberated” from
the colored glass is about 1 GeV per particle [68], which is above the lower limit
of 0.53 GeV per particle that we set above using the PHENIX data. Though
there are fewer predictions of Er than total charged-particle production from
gluon-saturation models, the existing models are broadly consistent with data
at RHIC. Consequently, gluon saturation is considered to be a promising can-
didate for describing the initial state of RHIC collisions.

2.6 Conclusions

Using reasoning similar to that of Bjorken [64], combined with some simple
formation-time arguments, we can draw the following conclusions from the
PHENIX data on transverse energy production and overall particle multiplic-

ity:

e The peak energy density in created secondary particles is at least 15 GeV /fm3,
and this is most likely an underestimate. This is well in excess of the ~1
GeV/fm? required, according to lattice QCD predictions, to drive a QCD
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transition to QGP.

e We note that hydrodynamical calculations which reproduce the magnitude
of elliptic flow observed at RHIC require local thermalization to occur very
quickly, typically by 1 fm/c or earlier (see Section 3.5). If the system does
reach local equilibrium on this time scale then the energy density of the first
thermalized state would be in excess of 5 GeV/fm?, well above the amount
required to create the QGP.

e Pre-RHIC expectations that F7 and charged particle production would be
dominated by factorized pQCD processes were contradicted by data, which
showed only very modest increases with centrality and beam energy. A new
class of models featuring initial-state gluon saturation compares well with
RHIC multiplicity and Er data, and are also consistent with our Bjorken-
style arguments for estimating energy densities at early times.

3 THERMALIZATION

A key question is whether the matter formed at RHIC is thermalized, and if
so when in the collision was equilibration achieved. If thermalization is estab-
lished early then evidence for strong transverse expansion can be potentially
related to the equation of state of the dense matter produced at RHIC. To
explore these issues we review several experimental observables from integral
quantities (numbers of particles produced and in what ratios), to differen-
tial distributions (measured pr and azimuthal distributions), to two-particle
(HBT) correlations.

3.1 Chemical Equilibrium

For many years it has been known that the abundances of different hadron
species in eT + ¢~ and p + P reactions can be reproduced by statistical models
[79,80]. This success is often attributed to hadronization statistically filling the
available phase space. At RHIC there is also the possibility that the strong
scattering deduced from the measurements of elliptic flow (section 3.3) may
prove sufficient to establish chemical equilibrium.

The production of strange particles provides a means to check whether chem-
ical equilibrium is achieved. For e™ + ¢~ and p + P reactions strange particle
production is suppressed due to the small size of the system. This canonical
suppression is largely removed for central heavy-ion collisions. If the mea-
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sured strangeness yields are still lower than full equilibrium predictions, then
the partial equilibrium can be quantified by a multiplicative factor of v, for
each strange quark in a hadron, where v, = 1 for complete equilibration and
~vs < 1 for partial equilibration.

Figure 9 shows the centrality dependence of K/m and p/7 ratios in Au+Au
collisions at \/syny = 200 GeV [54]. Both K+ /7% and K~ /7~ increase rapidly
for peripheral collisions, and then saturate or rise slowly from mid-central to
the most central collisions. The ratios p/7t and p/7~ also increase from pe-
ripheral collisions but appear flatter than the K/m ratios. Canonical statistical
models [81] predict an increase in these ratios with centrality, as the larger
system-size effectively places less of a constraint on conserved quantities. In
addition the chemical parameters, T, and pp, can also vary with centrality
(82,83].
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Fig. 9. Centrality dependence of particle ratios for (a) K+ /7%, (b) K~ /7, (c)
p/7t, and (d) p/7~ in Au+Au collisions at /syn = 200 GeV [54].
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Focusing on the ratios from central collisions at /s = 200 GeV, the data
are compared to the thermal model data analysis of Kaneta and Xu [82] in
Fig. 10. The extracted thermal parameters from this fit are Ty, = 157 + 3
MeV, up = 23 +3 MeV, and v, = 1.03 + 0.04. A large 7, is also found by
STAR [84] who extract v, = 0.96 +0.06, while Cleymans et al. [83] extract vy
that increases from v ~ 0.85 in peripheral collisions to 7, ~ 0.95 for central
collisions at RHIC. Similar fits to the central RHIC data are obtained by
Braun-Munzinger et al. [85] who assume complete chemical equilibration, i.e.

Vs:]--

We note that there are differences in the temperature parameter extracted
by the different authors. Kaneta and Xu [82] extract Teperm = 157 £ 3 MeV
which is lower than that extracted by both Braun-Munzinger et al. [81] of
Tehem = 177 £ 7 MeV, and Cleymans al. [83] of Tepern, = 165 £ 7 MeV.
However, both Braun-Munzinger et al. [81] and Magestro [86] discuss the
sensitivity of the extracted temperature to corrections from feed-down from
decays. Cleymans et al. [83] estimate that over 70% of 7 in the thermal model
fits come from the decay of resonances.

At lower beam energies there is controversy over whether strangeness is in
full chemical equilibrium. Becattini et al. [87] use data that is integrated over
the full rapidity and find that strangeness is in partial equilibrium, i.e. at the
AGS 7, = 0.654+0.07 and at the SPS v, = 0.84+0.03. Braun-Munzinger et al.
[81] instead use ratios measured at mid-rapidity which typically have larger
strange/nonstrange values and hence they obtain acceptable fits with v5 = 1
at both AGS and SPS energies. At RHIC energies thermal model comparisons
all use mid-rapidity data; a choice that is motivated in part by the separation
between fragmentation regions and central particle production.

In contrast to the controversies at lower beam energies, the observation that
strangeness is equilibrated is common to all thermal calculations that repro-
duce RHIC data. This is consistent with chemical equilibrium being obtained
before hadronization, though does not prove that this is the case. An alter-
native explanation is that scattering in the hadronic phase could increase 74
to 1, though small interaction cross sections imply that it may be difficult to
equilibrate the multistrange baryons before the hadrons freezeout.

3.2 Spectra

Hadron spectra reflect conditions late in the reaction, as well as the integrated
effects of expansion from the beginning of the collision. Figure 11 shows the pp
distributions for pions, kaons, protons, and anti-protons in both central (top
panel) and peripheral collisions (bottom panel) [54]. The pion spectra have a
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Fig. 10. Comparison of PHENIX (triangles), STAR (stars), BRAHMS (circles), and
PHOBOS (crosses) particle ratios from central Au+Au collisions at /syy = 200
GeV at mid-rapidity. The thermal model descriptions from Kaneta [82] are also
shown as lines. See Kaneta [82] for the experimental references.

concave shape at low pr where many of the pions may come from the decay of
resonances, A, p etc.. The kaon spectra are approximately exponential over the
full measured py range, whereas the proton spectra flatten at low pp for the
most central collisions. A striking feature is that the proton and anti-proton
spectra in central collisions become comparable in yield to the pion spectra
above 2 GeV/c. This is more fully discussed in Section 7.

One way to characterize the change in spectra as a function of centrality
is to calculate (pr) for each spectrum [54] as shown in Fig. 12. The (pr)
increases for all particles as a function of centrality with the largest change
occurring in peripheral collisions (Npq¢+ < 100). Across the different particles
the increase is largest for protons and anti-protons. This is consistent with
a collective expansion velocity that increases with centrality to produce the
largest increase in (pr) for the heaviest particles.

64



o 10F
~ 2F
Lo 10 F
> E
-cp— lO E
= E
NZ ,15
© 10 F
’;»_— 2 F

10 ¢ L. 3E .
& 7 . Positive o 3E Negative * 3
2 10 F (0- 5% central) & 4F (0-5% central) * e
- ; H Er-HHHHHHHHHHHHHH RS
g 0k o, .
N L %, 3
L, E gy, O
> 10 F B T, E
- g,
S 107k i 296, 4
-~ E E %0000 E
Z 10°k it %090, 5
ko) E ElS ‘ﬁ* 13 E
Tk e T 1
E s | Positive A 3F Negative ¥ E
510 E (60 - 92% peripheral) f FE (60 - 92% peripheral) T T E

10'6 AP P P PR I I I TS S I | P I DU I I P N ST I e

0 05 1 15 2 25 3 35 4 450 05 1 15 2 25 3 35 4 45
p; [GeVic] p; [GeVic]

Fig. 11. Transverse momentum distributions for pions, kaons, protons, and
anti-protons in Au+Au collisions at /syny=200 GeV [54].

The pion, kaon, and proton spectra can all be fit using an ansatz of a thermal,
expanding source [88,48] to extract the collective transverse expansion velocity
(Br) as well as the temperature at freezeout T,. Figure 13 shows (87) ~ 0.45
at AGS energies [89,90], which increases to (Gr) ~ 0.5 at the SPS [91-93]
and RHIC [48,94]. All the above fits use similar model assumptions of a linear
velocity profile and a Woods-Saxon density profile. That the spectra at these
beam energies can be reproduced by a thermal source is necessary but not
sufficient evidence for thermal equilibrium at each of these energies. However
it is difficult to draw strong conclusions from the increase in (87) as a function
of beam energy since the parameters (Gr) and Ty, are strongly anticorrelated
and their values depend on fit ranges and treatment of decays.

3.3  Elliptic Flow

At the beginning of the collision the spatial distribution of the colliding matter
resembles an ellipsoid due to the incomplete overlap of the two colliding nuclei.
Any strong scattering in this early stage converts the spatial anisotropy to a
momentum anisotropy which is observable as an elliptic flow of the emitted
hadrons. Elliptic flow is a self-limiting phenomenon, which is readily under-
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Fig. 12. Mean transverse momentum as a function of N, for pions, kaons, protons
and anti-protons in Au+Au collisions at /sy =200 GeV [54]. The systematic errors
from extrapolation, which are scaled by a factor of two for clarity, are shown in the
bottom for protons and anti-protons (dashed-dotted lines), kaons (dotted lines), and
pions (dashed lines). The shaded bars to the right represent the systematic error
due to cuts etc.

stood in the thermodynamic limit. If strong scattering is sufficient to establish
local thermal equilibrium, then the pressure gradient is largest in the shortest
direction of the ellipsoid. This produces higher momenta in that direction,
quickly reducing the spatial asymmetry.

The absence of any strong scattering in the early stage would reduce the
amount of elliptic flow that could be created. If the initially produced particles
are allowed to free-stream at first and reach local equilibrium only after some
time delay, then the spatial anisotropy at the start of hydrodynamic behavior
will be reduced; and the longer the delay, the greater the reduction. Following
the prescription of Kolb et al. [69] we plot in Fig. 14 the eccentricity after
a time delay At compared to its value at formation time, as a function of
Au+Au collision centrality. The eccentricity (¢) of the reaction zone is

e= 7 (7)

The eccentricity can be analytically calculated once the density profile of the
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locity as a function of beam energy from simultaneous fits to spectra of different
mass.

nuclei is chosen (typically a Woods-Saxon shape). It can also be calculated
using Monte Carlo techniques, where the positions of those nucleons that
participate in the reaction are used to calculate the averages in Eq. 7. From
Fig. 14 we can see that for time delays of 2 fm/c or greater the magnitude
of the eccentricity is significantly reduced, and its shape vs. centrality is also
altered.

If locally equilibrated hydrodynamics is taken as the mechanism for generating
elliptic flow, then the observation of any substantial amount of elliptic flow
can be taken as evidence that local thermal equilibrium is achieved on a time
scale before the spatial anisotropy would be completely erased. The general
order of this time scale would be ¢t ~ R/c, where R is the nuclear radius;
however, the hydrodynamical calculations we will examine here (see Sec. 3.5
and Table 1) all require quite short thermalization times, from 0.6-1.0 fm/c,
in order to reproduce the magnitude of elliptic flow observed at RHIC.

The azimuthal anisotropy of the spectra can be characterized in terms of
Fourier coefficients, which at RHIC is dominated by the elliptic flow, the
second Fourier coefficient vy(pr), where

d’N
dodpr

= No(1 + 2ve(pr) cos(2¢)) . (8)
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the prescription of [69] where the produced particles are allowed to free-stream at
first and reach local equilibrium only after some time delay.

Both the first Fourier coefficient v; and higher order coefficients have been
neglected in the above expression.

The most direct evidence that vy is related to spatial asymmetries present
early in the reaction is that vy at low pr approximately scales with the initial
eccentricity (¢) of the reaction zone. The measured values of vy normalized by
e are shown in Fig. 15 vs. centrality for two different pr ranges [46]. At low
momentum vs/e is independent of centrality to within 20%. This scaling is
increasingly broken at higher p.

The measured values of the integrated vy at RHIC are larger than those at
lower energies, but this is in part due to the fact that vy(pr) increases with
pr and (pr) increases as a function of beam energy. To remove this effect we
will concentrate on the differential flow, i.e. the shape of vy(pr) vs. pr.

To make a uniform comparison between different colliding nuclei (Pb+Pb at
SPS and Au+Au at RHIC) as well as different impact pararmeter selections
from the different experiments, we normalize vy by the eccentricity e, Eq. 7.
The values of € have been calculated via a Glauber Monte Carlo using Woods-
Saxon nuclear profiles for both Pb and Au. The averages in Eq. 7 are over
the participating nucleons, hence ¢ is calculated at the start of the collision.
The pion data in Fig. 16 show that vs(pr)/e increases approximately linearly
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Fig. 15. Ay = wvy/e vs. centrality for Au+Au collisions at /s=130 GeV [46]. The
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correlations when both particles are at the same pr (points are labeled as “F”),
and “assorted” pp correlations when the two particles have different pp (points
are labeled as “A”). In this case the labeled pp range is for the higher-momentum
particle of the pair.

for low pr. The increase of vy/e as a function of pr is larger at RHIC [50,95]
than at SPS [96,97]. This can most easily be seen by calculating the slope of
vg/e below pr =1 GeV/c (Fig. 17). The slope (dvy/dpr) /e increases from SPS
to RHIC by approximately 50%. Hydrodynamical calculations [98] shown in
this figure reproduce the data both at RHIC and at CERN SPS within one
standard deviation. More extensive comparisons with hydro calculations will
be discussed in section 3.5 while the behavior of vy at higher py, which follows
a scaling with respect to the number of quarks, is discussed in Section 7.

Further insight into the expansion dynamics can be obtained from the mass
dependence of ve(pr) shown in Fig. 18 for pions, kaons and protons [50] along
with a comparison with an early hydrodynamic model calculation [99]. The
vo(pr) for pions is larger than for kaons and protons at low pp, and this mass
ordering is a consequence of radial expansion shifting a given elliptic flow
out to higher pr for the heavier masses [99]. However, as will be discussed in
Section 3.5, this calculation fails to reproduce the proton spectra, and attempts
to remedy this failing lead to calculations that do no longer reproduce the
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measured vy for pions and protons.

3.4 HBT

Bose-Einstein correlations between identical particles provide a measure of
the space-time extent of the source at the end of the reaction. Because the
extracted source parameters as measured by the HBT technique are driven by
space-time correlations, HBT results are sensitive to expansion dynamics inte-
grated throughout the collision. HBT measurements were originally motivated
by theoretical predictions of a large source size and/or a long duration of par-
ticle emission [100-102]—which would result from the presence of a long-lived
mixture of phases in the matter as it undergoes a first-order phase transition
from a quark-gluon plasma back to the hadronic phase.

In HBT analyses, multidimensional Gaussian fits are made to the normal-
ized relative momentum distributions yielding fit parameters, Riong, Rside, Fout
[103], also referred to as HBT radii, where

C2 =1+A exp(_RSide q§ide - R(2)ut qgut - R120ng qgong) : (9)
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the data pr < 1 GeV/c. The solid error bars are the systematic errors that include
the systematic error on vy and e.

The coordinate system is chosen so that the longitudinal direction is parallel to
the beam axis, the out direction is in the direction of the pair’s total transverse
momentum, and the side direction is in the transverse plane perpendicular to
the out axis. For dynamic (i.e. expanding) sources, the HBT radii depend on
the mean transverse momentum of the particle pairs, k+ = |p; + par|/2,
and correspond to lengths of homogeneity: regions of the source which emit
particles of similar momentum [104]. Measuring the k7 dependence of HBT
radii provides essential constraints on dynamical models [105]. In particular,
the ratio Rou/ Rside is predicted to be larger than unity for sources which emit
particles over a long time.

The measured kr dependence of all radii [63] and the ratio Ry /Rsiqe are
shown in Fig. 19, along with STAR results [106]. The data from PHENIX and
STAR are in excellent agreement. Both sets of data have been corrected for
Coulomb repulsion between the detected particles.

The measured radii all decrease with increasing k7 as expected for a rapidly
expanding source. The ratio R,y /Rsiqe Was measured to be 1 within errors,
with a slight systematic decrease for increasing kr. As is discussed in the
next section, these data have excluded the validity of a large majority of
hydrodynamical models developed to describe Au+Au collisions at RHIC,
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Fig. 18. vy(pr) for pions, kaons and protons produced in minimum-bias collisions
at RHIC [50] compared to hydro calculations from Huovinen et al. [99].

indicating that in their present form these models do not describe well the
space-time evolution of the Au+Au collisions.

3.5 Hydrodynamic Model Comparisons

Many of the experimental features in the spectra and elliptic flow are con-
sistent with equilibrium being established early in the collision with large
pressure gradients that drive a strong expansion. Moving from a statement
of “consistency” to a statement that equilibrium has been “established” is
difficult. Some progress can be made by comparing the data to hydrodynamic
models that assume full equilibrium early in the collision.

A variety of hydrodynamic models have been published. Our approach is to
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confront these models with the following broad set of data; ve(pr), spectra,
and HBT. In this paper we will not compare the data with hydro-inspired
parameterized fits, e.g. blast-wave [107] or Buda-Lund [108] models, but will
restrict ourselves to dynamical hydro models.

In Figs. 20 and 21, hydro calculations that include a phase transition from
the QGP phase to a hadronic phase are shown with solid lines, while hydro
calculations that do not include a pure QGP phase at any stage in the dy-
namics are drawn with dashed lines. The four calculations that include a QGP
phase all assume an ideal gas EOS for the QGP phase, a resonance gas for the
hadronic phase and connect the two using a first-order phase transition and a
Maxwell construction. These calculations use latent heats that range from 0.8
GeV/fm? (Teaney et al. [98]) to 1.15 GeV /fm? (Huovinen et al. [99] and Kolb
et al. [109]), to 1.7 GeV/fm?® (Hirano et al. [110,111]). For comparison the bag
model of the nucleon with external bag pressure B = (230MeV)* and a T,
= 164 MeV produces a latent heat of 1.15 GeV/fm?® [112]. The calculations
that do not include a QGP phase (dashed lines) either include a hadron phase
and a phase mixture by forcing the latent heat of the transition to infinity
[98], or use an hadronic resonance gas equation of state, i.e. no mixed or QGP
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phases [99].

The calculations also differ in how they solve the hydro equations and how
they treat the final hadronic phase. The work of Hirano, Tsuda, and Nara cited
here are the only calculations in this paper that solve the hydro equations in
3D [110,111]. For the final hadronic stage Teaney [98] uses a hybrid model that
couples the hadronic phase to RQMD to allow hadrons to freezeout according
to their cross section, i.e. for chemical equilibrium to be broken in the hadronic
phase. Hirano [110] and Kolb [112] both allow for partial chemical equilibrium
by chemically freezing out earlier than the kinetic freezeout. This has been
done in order to reproduce the large proton yield measured at RHIC (see later
in this section). In contrast, Huovinen [99] maintains full chemical equilibrium
throughout the hadronic phase.

Figure 20 compares these calculations to the measured minimun-bias proton
and pion ve(pr)/e. Minimim-bias results were chosen in order to have the
broadest set of data and model calculations for comparison. The four calcula-
tions that include a phase transition from the QGP phase to a hadronic phase
(solid lines) reproduce the low-pr proton data better than the two hydro cal-
culations that do not have a QGP phase at any stage in the dynamics (dashed
lines). The presence of the first-order QGP phase transition softens the EOS
which reduces the elliptic flow. At higher pr there is considerable variation
between the models. Part of this is due to how the final hadronic stage is
modeled. For example, Kolb’s (solid light-blue line) and Hirano’s (solid dark-
blue line) calculations allow for partial chemical equilibrium in the final stage
compared to Huovinen (solid green line) which chemically freezes out late in
the collision. The difference is observable above pr ~ 1 GeV/c.

The same hydro models are compared to the pion vs(pr)/e measurements from
STAR and PHENIX in Fig. 20. The Kolb (solid light-blue line) and Hirano
(solid dark-blue line) calculations fail completely by predicting too strong a v,.
These two models have very similar partial chemical equilibrium assumptions
in the late hadronic stage. It is worth noting that the Kolb calculation is the
same as the Huovinen (solid green line) calculation with the exception of the
final hadronic stage.

All the above models have assumed ideal hydrodynamics, i.e. with no viscosity
and zero mean free path. Non-zero viscosity in the QGP reduces vy [113,114]
and since the early hydro calculations from Teaney and Huovinen reproduced
the magnitude of the pion vy data, it is often stated that viscosity of the
matter at RHIC must be small [24]. However recent calculations from Hirano
(3D) (solid dark-blue line) and Kolb (solid light-blue line) overpredict the
measured vy. As these do not include dissipative effects, such as those present
in hadronic interactions in the final state, their failure implies that the amount
of viscosity at RHIC is still an open issue. Progress will require both theoretical
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Fig. 20. Top two panels: On the left, proton %Ug(pT) vs. pr for minimum-bias
collisions at RHIC are compared with hydro calculations, and on the right is the
same comparison for pions. Bottom two panels: On the left, proton spectra for 0-5%
collisions at RHIC are compared with the same hydro calculations and on the the
right is the same comparison for pions.

development and experimental measures that are less sensitive to how the
azimuthal asymmetry of the energy-momentum tensor is distributed between
different particles in the final stage of the reaction, e.g. the elliptic flow of the
total transverse energy.

The same hydro models are now compared to the measured spectra from
central collisions. The bottom right panel of Fig. 20 shows that all the hydro
models reproduce the pion spectra below pr ~ 1 GeV/c; at higher pr the
particles are less likely to be equilibrated and hydro models are not expected
to work well. In the bottom left panel the calculated proton spectra from
Huovinen [99] (solid green line) are consistently lower than the data, due to the
calculation maintaining chemical equilibrium throughout the hadronic phase.
The lower temperature chemical freezeout suppresses the final calculated yield
of heavier particles such as protons. Of the two calculations from Teaney [98]
the calculation that includes the QGP phase (solid red line) reproduces the
proton spectra, presumably because of the increased transverse flow from the
stronger early pressure gradients. Hirano’s and Kolb’s (solid dark and light-
blue lines) calculations break chemical equilibrium during the hadronic phase
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QGP+mized+RG mized+RG | RG

Teaney Hirano Kolb Huovinen Teaney Huovinen
Reference | [98] [110] [109,115] [99] (98] [99]
latent 0.8 1.7 1.15 1.15 0.8
heat
(GeV /fm?)
init. €4 | 16.7 23 23 16.7 23
(GeV/fm?)
init.  (e) | 11.0 13.5 11.0
(GeV/fm?)
70 fm/c 1.0 0.6 0.6 0.6 1.0 0.6
hadronic | RQMD partial partial full equil. RQMD full equil.
stage chemical chemical

equil. equil.
proton v2 | yes < 0.7 | < 0.7 | yes no no
GeV/c GeV/c

pion v2 yes no no yes yes yes
proton yes overpredict | overpredict | no no no
spectra
pion spec- | yes <1GeV/c | <1GeV/c | yes < 0.7 | yes
tra GeV/c
HBT Not avail- | No No No Not avail- | Not avail-

able able able

Table 1

Summary of various hydro model assumptions and a comparison between measure-
ments and hydro calculations. Two initial energies are tabulated, either the max-
imum energy density at the center of the collision or the energy density averaged
over the transverse profile.

and overpredict the proton spectra at low pr.

One difficulty is that the spectra comparison with hydrodynamic models is
for central collisions while the vy comparison is for minimum-bias collisions.
It is dificult to use central collisions for the vy comparison since the colli-
sions are nearly symmetric and hence v, is small. In addition, hydrodyamic
calculations that reproduce v, values over a broad range of centrality (from
0-45% in Ref. [95]) tend to overpredict the data for more peripheral collisions
by approximately 25%, presumably because of a breakdown in the hydrody-
namic assumptions. Hence when comparing to minimum-bias data sets, an
overprediction of v, from the hydro models of less than 20
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These comparisons between data and hydro models are summarized in Table
1 and in the following conclusions;

e uy(pr, PID) is sensitive to all stages of the reaction. Elliptic flow is produced
by strong scattering in the initial phase, while the detailed shape of vy (pr)
and how the momentum asymmetry is distributed to different particles is
affected by the transition from a QGP to hadronic phase and scattering in
the final hadronic stage.

e The hydro models that reproduce the low-py proton v, are those that include
both a QGP and hadronic phase.

e The hadronic phase critically affects the final values of ve(pr, PID). Models
(Hirano, Kolb) that include partial chemical equilibrium to reproduce the
baryon yield, completely fail on the pion vs.

e The only model that survives this comparison with measured v, and spectra
is Teaney’s (solid red line) which includes a strong expansion in a QGP
phase, a phase transition to a mixed phase, and then a hadronic cascade
in the final hadronic state. There are open questions in this hybrid model,
e.g. the sensitivity of the results to the matching conditions between hydro
and RQMD. All other models fail in at least one vy or spectra comparison,
partially due to differences in modeling the final hadronic state.

e Until the model uncertainty in the final state is reduced, it is not yet possible
to use the measured splitting between proton and pion ve(pr) to extract
quantitative information on the EOS during the reaction, including the
possible softening of the EOS due to the presence of a mixed phase.

A comparison with the HBT data and some of the hydro models is shown
in Fig. 21. It is unfortunate that not all hydro models have been compared
to HBT data, e.g. the hydro+RQMD model from Teaney [98] has not been
confronted with this observable. The hydro calculation from Kolb, Heinz and
Huovinen [115] (solid green line) includes a first-order phase transition which
leads to a long lifetime for the system. The source parameter R,y is considered
most sensitive to the duration of the whole collision, i.e. from initial overlap to
final particle emission, and the Kolb/Huovinen hydro calculation [115] (solid
green line) overpredicts the measured Ry, data. Changing to partial chemical
equilibrium in the hadronic stage [110], indicated with the dark blue line,
reduces the lifetime of the collision which improves the agreement with Rjop,.
However the ratio Roui/Rside, Which is sensitive to the duration over which
particles are emitted, is still overpredicted.

There have been many attempts to understand what may be causing the
disagreement with data (known collectively as the HBT puzzle);

e Sinyukov et al. [116] and Grassi et al. [117] have suggested that the sharp

Cooper-Frye freezeout condition [118] should be replaced by an emission
function that decouples hadrons depending on their hadronic cross section.
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e However when this has been effectively implemented by using a hadronic
cascade (URQMD) for the final hadronic stage, the predicted ratio Royt/ Rside
increases and diverges further from the data [119]. Modeling the final stage
with a hadronic cascade effectively includes dissipative effects which should
increase the duration of emission and produce a larger ratio Roy;/ Rside -

e One method to reduce the lifetime of the reaction is to change the QGP
EOS. Using a crossover instead of a first-order transition reduces the ratio
Rout/ Rsiae by about 50% to Rous/ Rside ~ 1.5 [120] which is still larger than
the data. Because the calculation was restricted to n = 0 Zschiesche et al.
were unable to compare with the measured values of Rjpng.

In summary, model comparisons seem to be closer to the HBT data when the
lifetime of the collision is made smaller than the long time resulting from a
first-order phase transition. The small values of R,/ Rsqe may indicate that
there is little to no mixed phase present in the reactions. One possible direction
for future comparisons with data is to include a more realistic EOS into the
hydro models, e.g. to take the EOS from lattice QCD calculations [121]. Such a
calculation needs to be compared with all the available data, including spectra
and vq, as well as HBT.

3.6 Conclusions

In summary we can make the following conclusions

e The measured yields and spectra of hadrons are consistent with thermal
emission from a strongly expanding source.

e Strangeness is fully saturated at RHIC, consistent with full chemical equi-
librium.

e The scaling of vy with eccentricity shows that collective behavior is estab-
lished early in the collision.

e Elliptic flow is stronger at RHIC than at the SPS, since the measured slope
of va(pr) for pions is 50% larger at RHIC.

e The measured proton vy(pr) is less than that for pions at low pr; the small
magnitude of the proton vy at low pr is reproduced by hydro models that
include both a QGP and hadronic phase.

e However several of the hydro models that reproduce the proton vy(pr) fail
for the pion vy(pr).

e The HBT source parameters, especially the small value of Ry, and the ratio
Rout/ Rsige, suggest that the mixed phase is too long-lived in the current
hydro calculations.

Hence we currently do not have a consistent picture of the space-time dynamics
of reactions at RHIC as revealed by spectra, vy, and HBT. The lack of a
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Fig. 21. The kr dependence of the Bertsch-Pratt parameters for 777" (blue square)
and 7~ 7~ (red circle) for 0-30% centrality with statistical error bars and systematic
error bands. Results from PHENIX [63], STAR [106] and hydrodynamics models
(Hirano [110], Kolb/Huovinen [115] and Soff [122], diamonds) are overlaid.

consistent picture of the dynamics means that it is not yet possible to extract
quantitative properties of the QGP or mixed phase using the observables vs,
spectra, or HBT.

4 FLUCTUATIONS
4.1 Net-Charge Fluctuations

In the study of the fluctuations of multiplicity as a means to understand the
dynamics of charged particle production, one important realization was to
use small regions of phase space, where energy-momentum conservation con-
straints would not be significant [123-125]. Such studies led to the important
observation that the distribution of multiplicity, even in small intervals near
mid-rapidity, was Negative Binomial rather than Poisson, which indicated
large multiplicity correlations even in small d7) intervals [126]. No such studies
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are yet available at RHIC.

Based on predictions that event-by-event fluctuations of the net charge in local
phase space regions would show a large decrease as a signature of the QGP
[127-129], net-charge fluctuations were measured in PHENIX [44]. The idea is
that in a QGP composed of fractionally charged quarks, the larger number of
fractionally charged particles compared to unit-charged hadrons would result
in smaller relative net-charge fluctuations in a QGP than for a pure gas of
hadrons and that this original fluctuation would survive the transition back
to ordinary hadrons.

It is important to realize that the study of net-charge fluctuations represents
the study of fluctuations in a quantity that is conserved over all phase space.
Consider N = N, + N_ charged particles produced in the full phase space.
By charge conservation N, = N_ = N/2, and the net charge ) = N, — N_
is identically zero so that there are no net-charge fluctuations—the variance
V(Q) = 0, where

V(Q)=(Q") —(Q)". (10)

In a smaller region of phase space, where p is the fraction of N observed in a
stochastic scenario, the mean and variance of the number of positive n, and
negative n_ particles are equal, but the variance of () is no longer identically
ZEro:

(ny) = (n-) =pN/2, (11)

V(ny)=V(n_)=p(l-p)N/2, (12)

from which it follows that

V(Q) = (1=p)ne, (13)

where n., = pN is the expected number of charged particles on the interval.
Thus the normalized variance in () (normalized to Poisson statistics) is defined
as:

v(Q) = =(1-p). (14)

In the limit n., > 0, the variance of the charge ratio R = ny /n_ approaches
V(R) = 4(1—p)/ne,. However, it is well known in mathematical statistics that
moments of the inverse of a stochastic variable, e.g. 1/n_, diverge if there is
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any finite probability, no matter how small, for n_ = 0. Thus, the charge ratio
is not a stable measure of fluctuations.

The previous arguments are based on fixed N. The results where N varies
according to a specified distribution are also interesting. If n_ is Poisson dis-
tributed, with mean value © = N/2 over the whole phase space, then in the
region of phase space with probability p the distribution is also Poisson, with
mean (n_)|, = u, = pN/2. If, on the other hand n_ is Negative Binomial dis-
tributed, with mean value gy = N/2 and NBD parameter o?/u? — 1/u = 1/k
for the whole phase space, then in the region of phase space with probability
p, the distribution is Negative Binomial with mean (n_)|, = u, = pN/2 and
the same value of 1/k.

Actually, the binomial division preserves o7 /2 —1/p, = 1/k, for any distribu-
tion [130]. This appears to indicate that smaller intervals, which tend to have
larger values of Uf, / uf, would be less sensitive to the global 1/k, the long-range
correlation. This would be true except for the fact that there are short-range
correlations which are better seen on small intervals of phase space. Another
important thing to note regarding a binomial split of a Negative Binomial
distribution is that the two subintervals are not statistically independent. The
conditional probability distribution on the interval (1 — p) depends upon the
outcome on the interval p [131]. It is unfortunate that these elegant arguments
can not be applied to the net-charge fluctuations since (@) = 0.

The PHENIX measurement [44] of the normalized variance v(()) of net-charge
fluctuations is shown in Fig. 22 in the interval —0.35 < dn < +0.35 as a
function of the azimuthal angular interval of reconstructed tracks, either at
the detector, Agy, or at the vertex, A¢,, chosen symmetrically around the
detector acceptance. For smaller A¢, the data agree with the purely stochastic
(1 — p) dependence shown as the solid line, but deviate from the stochastic
prediction at larger values due to correlations from resonance decay, such as
p® — 7t + 7~ as nicely explained by RQMD [132].

Absent new theoretical insight, it is difficult to understand how quark-level
net-charge fluctuations in a QGP can be related to net-charge fluctuations of
hadrons, where, by definition, strong correlations exist, e.g., in the formation
of a meson from a ¢ — ¢ pair. Also, the study of the fluctuations of net charge,
which is conserved, may not be as useful to detect interesting fluctuations as
the study of fluctuations of the total charged multiplicity, which is much less
constrained by conservation laws. This has yet to be tried at RHIC.

81



1.02
1.01F | « Data a)
1
0.99
C 0.08]- 1
>
0.97F
0.96
0.95F-

0.94....I....I....I....I....I....I....I....I....I..
O 10 20 30 40 50 60 70 80 90

Ad,

1.02
1.01

0.99
© 0.08
>

0.97

0.96

0.95

0.94...I...I...I...I...I.

Fig. 22. v(Q) for the 10% most central events in data and RQMD, as a function of
the azimuthal interval in degrees of reconstructed tracks, either a) at the detector,
Aggq, or b) at the vertex, A¢g,, chosen symmetrically around the detector acceptance.
For data, the error band shows the total statistical error, whereas the error bars
indicate the uncorrelated part. The solid line shows the expected reduction in v(Q)

in the stochastic scenario when global charge conservation is taken into account
[44].
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4.2 FBvent-by-Event Average-pr Fluctuations

Fluctuations in the event-by-event average pr, denoted M,,, have been mea-
sured and provide a severely small limit on possible fluctuations from a sharp
phase transition. For events with n detected charged particles with magnitudes
of transverse momenta, pr,, the event-by-event average pr, denoted M, is de-
fined as:

1 n
MPT =DPr = E ZpTi . (15)
=1

Mixed events are used to define the baseline for random fluctuations of M, in
PHENIX [45,55]. This has the advantage of effectively removing any residual
detector-dependent effects. The event-by-event average distributions are very
sensitive to the number of tracks in the event (denoted n or Ny.eers), SO the
mixed event sample is produced with the identical Ny,.qers distribution as the
data. Additionally, no two tracks from the same data event are placed in
the same mixed event in order to remove any intra-event correlations in pr.
Finally, (M, ) must exactly match the semi-inclusive (pr).

For the case of statistical independent emission, where the fluctuations are
purely random, an analytical formula for the distribution in M,, can be ob-
tained assuming Negative Binomial distributed event-by-event multiplicity,
with Gamma distributed semi-inclusive pr spectra [133]. The formula depends
on the four semi-inclusive parameters (n), 1/k, b and p which are derived from
the means and standard deviations of the semi-inclusive pr and multiplicity
distributions, (n), oy, (pr), op,:

Nmax

f(y) = Z fNBD(nv l/ka <n>) fF(y7 np, nb) ) (16)
where y = M,,. For fixed n, and purely random fluctuations, the mean

and standard deviation of M, follow the expected behavior, (M,,.) = (pr),
OM,, = Opp/+/n. In PHENIX, Eq. 16 is used to confirm the randomness of
mixed events which are used to define the baseline for random fluctuations of
M,, [45,55].

The measured M, distributions for the data in two centrality classes for
VSN = 200 GeV Au+Au collisions in PHENIX [55] are shown in Fig. 23
(data points) compared to the mixed-event distributions (histograms). The
non-Gaussian, Gamma-distribution shape of the M, distributions is evident.
The difference between the data and the mixed-event random baseline distri-
butions is not visible to the naked eye. The nonrandom fluctuation is quantified
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by the fractional difference of w,,., the normalized standard deviation of M,,.,
for the data and the mixed-event (random) samples:

g MPT

Wpp = : (17)
(M)
FpT _ Wpr,data — Wpp mixed ‘ (18)
Wy mixed

The results are shown as a function of centrality, represented by N, in Fig.
24.

w
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Fig. 24. F,,,. vs. centrality, represented as the average number of participants (Npgrt)
in a centrality class, compared to jet simulation [55].

The dependence of F,,, on Ny, is striking. To further understand this de-
pendence and the source of these nonrandom fluctuations, F,,, was measured
max max

over a varying pr range, 0.2 GeV/c < pr < pi** (Fig. 25), where pi** = 2.0
GeV/c for the N4+ dependence.

85



PHENIX Au+Au

PYTHIA-based Simulation m

\
‘
\
)
\
‘
\
\
\
\
\
\
—
\
\

1.5

0.5

FT-—l
: e

N
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0O 02040608 1 12 14 16 18 2 22
pT* (GeVlc)

ax

Fig. 25. Fp,, vs. pp®* compared to Raa-scaled jet simulation for the 20-25% cen-
trality class (Npgre = 181.6) [55].

The increase of F,, with pp®* suggests elliptic flow or jet origin. This was

investigated using a Monte Carlo simulation of correlations due to elliptic
flow and jets in the PHENIX acceptance. The flow was significant only in
the lowest centrality bin and negligible (F,, < 0.1%) at higher centralities.
Jets were simulated by embedding (at a uniform rate per generated particle,
Sprob(Npart)) p + p hard-scattering events from the PYTHIA event generator
into simulated Au+Au events assembled at random according to the measured
Niracks and semi-inclusive pr distributions. This changed (pr) and o, by less
than 0.1%. Sprop(Npart) Was either constant for all centrality classes, or scaled
by the measured hard-scattering suppression factor Ra(Nper) for pr > 4.5
GeV/c [49]. A value F,, = 2.06% for p + p collisions was extracted from
pure PYTHIA events in the PHENIX acceptance in agreement with the p +
p measurement (Fig. 24). The value of S,rop(Npart) Was chosen so that the
simulation with Sp.op(Npart) X Raa(Npart) agreed with the data at Npg: =
182. The centrality and p7* dependences of the measured [}, match the
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simulation very well, but only when the R44 scaling is included.

A less experiment-dependent method to compare nonrandom fluctuations is
to assume that the entire F},, is due to temperature fluctuations of the initial
state, with RMS variation o7 /(T") [134,45]. Then,

w2 - w2 = (1 - —) ng,mixcd ) (19>

pr,data pr,mixed ~

= 2F,

T

This yields o /(T')=1.8% for central collisions in PHENIX with similarly small
values for the other Relativistic Heavy Ion experiments [135], 1.7% in STAR,
1.3% in CERES, and 0.6% in NA49. These results put severely small limits on
the critical fluctuations that were expected for a sharp phase transition, both
at SPS energies and at RHIC, but are consistent with the expectation from
lattice QCD that the transition is a smooth crossover [12].

Other proposed explanations of the centrality and pp®* dependences of F),,
include: overlapping color strings which form clusters so that the number of
sources and (pr) per source is modified as a function of centrality [136]; and
near equilibrium pr correlations induced by spatial inhomogeniety [137].

4.3  Conclusions

Critical behavior near the phase boundary can produce nonrandom fluctua-
tions in observables such as the net-charge distribution and the average trans-
verse momentum distribution. Our search for net-charge fluctuations has ruled
out the most naive model of charge fluctuations in a QGP, but it is unclear
whether the charge fluctuation signature can survive hadronization. Our mea-
surement of the event-by-event average pr distribution shows a nonrandom
fluctuation that is consistent with the effect expected from high-pr jets. This
puts a severe constraint on the critical fluctuations that were expected for
a sharp phase transition but is consistent with the expectation from lattice
QCD that the transition is a smooth crossover [12].

5 BINARY SCALING

5.1 Hard Scattering and pQCD

One way to get a partonic probe into the midst of an A 4+ A collision is to use
the high-pr partons produced by hard scattering. For p 4+ p collisions in the
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RHIC energy range, hard scattering is considered to be the dominant process
of particle production with py > 2 GeV/c at mid-rapidity. Typically, particles
with pr > 2 GeV/c are produced from states with two roughly back-to-back
jets which are the result of scattering of constituents of the nucleons (partons)
as described by pQCD [138].

The overall p+ p hard-scattering cross section in “leading logarithm” pQCD is
the sum over parton reactions a+b — c¢+d (e.g. g+q — g+q) at parton-parton
center-of-mass (c.m.) energy v/3:

d3o T (Qz)

drdiadeost 3 Zfa 1) fy(r2) =5 5 (cos 7). (20)

where f,(x1), fo(z2), are parton distribution functions, the differential proba-
bilities for partons a and b to carry momentum fractions x; and x5 of their re-
spective protons (e.g. u(z3)), and where 6* is the scattering angle in the parton-
parton c.m. system. The parton-parton c.m. energy squared is § = xxss,
where /s is the c.m. energy of the p + p collision. The parton-parton c.m.
system moves with rapidity y = 1/21In(z1/x) in the p + p c.m. system.

Equation 20 gives the pr spectrum of outgoing parton ¢, which then fragments
into hadrons, e.g. 7°. The fragmentation function D™ (z, u2) is the probability
for a 70 to carry a fraction z = p™ /p° of the momentum of outgoing parton c.
Equation 20 must be summed over all subprocesses leading to a 7% in the final
state. The parameter p? is an unphysical “factorization” scale introduced to
account for collinear singularities in the structure and fragmentation functions
[138,139].

In this formulation, f,(z1, #?), fy(x2, u?) and DY (2, u?) represent the “long-
distance phenomena” to be determined by experiment; while the character-
istic subprocess angular distributions, X% (cos #*), and the coupling constant,
as(Q?) = 27 In(Q?/A?), are fundamental predictions of QCD [140-142] for the
short-distance, large-Q?, phenomena. The momentum scale Q* ~ p2 for the
scattering subprocess, while Q? ~ 3 for a Compton or annihilation subprocess,
but the exact meaning of Q2 tends to be treated as a parameter rather than a
dynamical quantity. The transverse momentum of a scattered constituent is:

5 .
pr =Dy 78111‘9. (21)

Equation 20 leads to a general ‘xp-scaling’ form for the invariant cross section
of high-pr particle production:

E— = —F(zr) = —=G(zr), (22)
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where zr = 2pr/+/s. The cross section has two factors, a function F(x7)
(G(zr)) which ‘scales’, i.e. depends only on the ratio of momenta, and a di-
mensioned factor, 1/p% (1/4/s"), where n equals 4 in lowest-order (LO) cal-
culations, analogous to the 1/¢* form of Rutherford Scattering in QED. The
structure and fragmentation functions are all in the F(z7) (G(zr)) term. Due
to higher-order effects such as the running of the coupling constant, a,(Q?),
the evolution of the structure and fragmentation functions, and the initial-
state transverse momentum kr, n is not a constant but is a function of zp,
V/s. Measured values of n(zr,+/s) in p+ p collisions are between 5 and 8.

5.2 Mud-Rapidity pr Spectra from p 4+ p Collisions

The scaling and power-law behavior of hard scattering are evident from the
/s dependence of the pr dependence of the p+ p invariant cross sections. This
is shown for nonidentified charged hadrons, (h* + h™)/2, in Fig. 26a. At low
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Fig. 26. (left) Ed3c(pr)/d®p at mid-rapidity as a function of /s in p + p collisions.
(right) +/s(GeV)®3 x Ed3c/d®p vs. xp = 2pr/+/5 [53] (and references therein).

pr < 1 GeV/c the cross sections exhibit a “thermal” exp (—6pr) dependence,
which is largely independent of /s, while at high py there is a power-law
tail, due to hard scattering, which depends strongly on /s. The characteristic
variation with /s at high pr is produced by the fundamental power-law and
scaling dependence of Eqgs. 20, 22. This is best illustrated by a plot of

Ao

\/gn(l‘T,\/g) % EdTp = G(LUT) ) (23)
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as a function of xp, with n(xz,+/s) = 6.3, which is valid for the 7 range
of the present RHIC measurements (Fig. 26b). The data show an asymptotic
power law with increasing x7. Data at a given /s fall below the asymptote
at successively lower values of z7y with increasing /s, corresponding to the
transition region from hard to soft physics in the pr region of about 2 GeV/ec.

The PHENIX measurement of the invariant cross section for 7% production
in p + p collisions at /s = 200 GeV [56] agrees with NLO pQCD predictions
over the range 2.0 < pr < 15 GeV/c (Fig. 27).

5.8 Scaling Hard Scattering from p+p to p+ A and A+ B Collisions

Since hard scattering is point like, with distance scale 1/pr < 0.1 fm, and the
hard-scattering cross section factorizes as shown in Eq. 20, the cross section
in p+ A or A+ B collisions, compared to p+ p, is proportional to the relative
number of possible point-like encounters. The number of encounters of point-
like constituents of nucleons is then proportional to A (AB), for p+ A (A+ B)
minimum-bias collisions. For A + B collisions at impact parameter b, it is
proportional to T4p(b), the nuclear thickness function, which is the integral
of the product of nuclear thickness over the geometrical overlap region of the
two nuclei. In detail, the semi-inclusive invariant yield of e.g. high-py 7%’s for
A+ B inelastic collisions, with centrality f, is related to the p+p cross section
by:

1 N7, d?oT
Nt g 23 = (Tap)s X o= (24)
AB OpTay |, Pray
Note that
Tun(b) d®b N.,
(Tag); = J: Tap(b) (Neott) s (25)

J3(1 — emonn Tan®)) @2p " oy

where (N.u) s is the average number of binary nucleon-nucleon inelastic col-
lisions, with cross section oyp, in the centrality class f. This leads to the
description of the scaling for point-like processes as binary-collision (or N,.y;)
scaling.

Nuclear medium effects, either in the initial or final state, can modify the
expected scaling. These modifications can be quantitatively studied by mea-
surement of the Nuclear modification factor Rag, which is defined as

dN/]:B B dN/]:B
(Tag)y x dofyy (Neow)s X ANfy

Rup = (26)
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Fig. 27. PHENIX 7V invariant cross section at mid-rapidity from p + p collisions at
Vs = 200 GeV, together with NLO pQCD predictions from Vogelsang [143,144].
a) The invariant differential cross section for inclusive 7° production (points) and
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where d N1y is the differential yield of a point-like process P in a A+ B collision
and do;y is the cross section of P in N + N collision. If there are no initial-
or final-state effects that modify the yield of P in A+ B collisions, the process
P scales with (T4p); and Ryp = 1. Sometimes, the central to peripheral
ratio, Rcop, is used as an alternative to Rap. The central to peripheral ratio
is defined as

dNCentral/ <NClelntral>
Co

- Perivheral Peripheraly\ ’
dNFeripheral [ (Nogy )

cp (27)

where dNC¢e"ral and dNTerirheral are the differential yield per event of the
studied process in a central and peripheral collision, respectively. If the yield
of the process scales with the number of binary collisions, Rop = 1.

5.4 Binary Scaling in l+ A, p+ A, and Low-Energy A+ A

In deeply inelastic lepton scattering, where hard scattering was discovered
[145-147], the cross section for u-A collisions is indeed proportional to A%
(Fig. 28). This indicates that the structure function of a nucleus of mass A is
simply A times the structure function of a nucleon (with only minor deviations,
< 10% for 0.02 < = < 0.50 [149]), which means that the nucleus acts like an
incoherent superposition of nucleons for hard scattering of leptons.

The situation is rather different in p + A collisions: the cross section at a
given pr also scales as a power law, A*P7) (Fig. 29), but the power a(pr)
is greater than 1. This is called the “Cronin Effect” [150]. The enhancement
(relative to A1) is thought to be due to the multiple scattering of the incident
partons while passing through the nucleus A before the collision [151,152],
which smears the axis of the hard scattering relative to the axis of the incident
beam, leading to the characteristic “Cronin Effect” shape for R4(pr) (Fig.
30). At low pr < 1 GeV/c, the cross-section is no longer point like, so the
scattering is shadowed (oc A%/3), thus Ry < 1. At larger pr > 2 GeV/c, as
the hard-scattering, power-law py spectrum begins to dominate, the multiple
scattering smears the spectrum to larger pr leading to an enhancement relative
to binary-scaling which dissipates with increasing py as the influence of the
multiple scattering diminishes.

Previous measurements of high-py particle production in A + A collisions at
V8NN <31 GeV (Fig. 31) and in p+ A (or d+ A) collisions (Fig. 30) including
measurements at RHIC [58] at mid-rapidity (Fig. 32) all show binary scaling
or a Cronin effect.

This establishes that the initial condition for hard scattering at RHIC at
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Fig. 28. pu-A cross section vs. A [148].

mid-rapidity is an incoherent superposition of nucleon structure functions,
including gluons, where multiple scattering before the hard collision smears
the pr spectrum of scattered particles to be somewhat above the simple point-
like binary (N,.y;) scaling.

An alternative view of the initial state of a nucleus at RHIC is provided by
the color glass condensate (CGC), in which the gluon population at low x is
not an incoherent superposition of nucleon structure functions but is limited
with increasing A by non-linear gluon-gluon fusion resulting from the overlap
of gluons from several nucleons in the plane of the nucleus transverse to the
collision axis [159]. A Cronin effect in d+A collisions, as shown in Fig. 32, can
be reproduced in the CGC with a suitable choice of initial state parameters,
which must also reproduce quantitatively the observed binary scaling of the
direct photon production and total charm production in Au+Au collisions to
be shown below (Figs. 33, 34). However, at this writing, no detailed quantita-
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tive description of the CGC initial state which satisfies these three conditions
has been published.

5.5 Binary Scaling in Au+Au Collisions at RHIC— Direct Photons and Charm
Yield

The production of hard photons in Au+Au collisions at RHIC via the con-
stituent reactions (e.g. g + ¢ — v+ ¢) is a very important test of QCD and
the initial state, because the photons only interact electromagnetically, hence
hardly at all, with any final-state medium produced. The direct-photon cross
section and centrality dependence should then reflect only the properties of the
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point-like scaled cross sections in p + W and p + Be collisions vs. pp [153].

initial state, notably the product of the gluon and quark structure functions
of the Au nuclei.

The first measurement of direct photon production in Au4Au collisions at
RHIC was presented by the PHENIX collaboration at Quark Matter 2004
(Fig. 33) [165]. The data exhibit pure point-like (N,o;) scaling as a function
of centrality relative to a pQCD calculation for p+ p collisions. The statistical
and systematic errors still leave some room for a small Cronin effect and/or
some thermal photon production. The observation of direct photon production
establishes the importance of gluon degrees of freedom at RHIC.

PHENIX measured the single-electron yield from nonphotonic sources in Au+Au
collision at 130 GeV [42] and 200 GeV [166]. Since semi-leptonic decay of
charm is the dominant source of the non-photonic electrons at low pr (pr < 3
GeV/c), the total yield of charm can be determined from the integrated yield
of non-photonic electrons in the low-pr region. Figure 34 shows the yield of
non-photonic electrons (0.8 < pr < 4.0 GeV/c) per NN collision in Au+Au
reactions at /Syy = 200 GeV as a function of Neoy [166]. The N,y depen-
dence of the yield is fit to N2, where a = 1 is the expectation for binary

scaling. We find o = 0.938 £ 0.075(stat.)+0.018(sys.), showing that the to-
tal yield of charm-decay electrons is consistent with binary scaling. It should
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Fig. 31. Nuclear modification factors for 7° production at the CERN-ISR in min-
imum-bias o + « reactions at \/syny = 31 GeV [154] and for pion production at
the CERN-SPS in central Pb+Pb [155], Pb+Au [156], and S+Au [157] reactions at
V/SNN =~ 20 GeV. The Ry4 from SPS are obtained using the p-+p parametrization
proposed in ref. [158]. The shaded band around R44 = 1 represents the overall frac-
tional uncertainty of the SPS data (including in quadrature the 25% uncertainty of
the p+p reference and the 10% error of the Glauber calculation of N..;). There is
an additional overall uncertainty of +15% for the CERES data not shown in the
plot [156].

be noted that medium effects, such as energy loss of charm in the dense hot
medium, can only influence the momentum distribution of charm, and have
little effect on the total yield of charm. Initial-state effects, such as shadow-
ing, and other effects, such as thermal production of charm, are believed to be
very small for charm production at RHIC energy. Therefore, the observation
of binary scaling of the total charm yield in Au+Au collisions at RHIC may
also be considered as an experimental verification of the binary scaling of a
point-like pQCD process.
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Fig. 32. Cronin effect in Rop, the ratio of point-like scaled central to peripheral
collisions for pions in d+Au at /syny = 200 GeV. Data points for low pr are nE
identified by Time of Flight (TOF). Data at medium pr are for 7° identified by
reconstruction in the Electromagnetic Calorimeter (EMCAL). Highest py data are
for 7% identified by a count in the Ring Imaging Cerenkov Counter (RICH) and a
deposited energy/momentum and shower shape in the EMCAL inconsistent with
those of a photon or electron. The shaded band on the right represents the overall
fractional systematic uncertainty due to Ngg.

5.6 Conclusions

In this section evidence has been presented to show that the initial condition
for hard-scattering at RHIC at mid-rapidity is an incoherent superposition of
nucleon structure functions, including gluons, where multiple scattering be-
fore the hard collision can smear the py spectrum of scattered particles to be
somewhat above the simple point-like binary (N,.;) scaling. This was demon-
strated using the reactions: pion production in d+Au collisions, where there
is no final-state medium, and direct photon production in Au+Au collisions,
where the outgoing photons interact electromagnetically, hence hardly at all,
with any final-state medium produced. The total charm yield in Au+Au, a
reaction dominated by the subprocess g+ ¢ — c+¢, and which is not sensitive
to final-state medium effects for the total yield of ¢ + ¢ pairs, also exhibits
binary scaling. The latter two measurements provide experimental evidence
for the binary scaling of point-like pQCD processes in Au+Au collisions.
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Fig. 33. PHENIX direct photon measurements relative to the background for for
minimum bias and for five centralities of Au+Au collisions at /s, = 200 GeV
(0-10% is the most central). Statistical and total errors are indicated separately
on each data point by the vertical bar and shaded region, respectively. The curves
represent a pQCD calculation of direct photons in p + p collisions from Vogelsang
[160-163] scaled to Au+Au assuming pure point-like (Ng) scaling, with no sup-
pression. The shaded region around the curves indicate the variation of the pQCD
calculation for scale changes from pr/2 to 2pr, plus the (N y;) uncertainty [164].

The color glass condensate (CGC) provides an alternative view of the initial
state of a nucleus at RHIC in which coherence of gluons due to non-linear
gluon-gluon fusion can produce a Cronin-like effect, depending on the initial
conditions and the kinematic range covered. However, at the present writing,
there is no CGC description of the initial state nuclear structure function
which reproduces the observed Cronin effect for pions in d4+Au collisions and
the observed binary scaling for both direct photon production and the total
charm yield in Au+Au collisions.
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Fig. 34. Non-photonic electron yield (0.8 < ppr < 4.0 GeV/c), dominated by
semi-leptonic charm decays, measured in Au+Au collisions at /syny = 200 GeV
scaled by N, as a function of N,,;. The right-hand scale shows the corresponding
electron cross section per NN collision in the above pr range. The yield in p + p
collision at 200 GeV is also shown [166].

6 NUMBER DENSITY AND HIGH p;r SUPPRESSION

To study the initial properties of the matter created in heavy ion collisions
we need a probe that is already present at earliest times and that is directly
sensitive to the properties of the medium. Partons resulting from hard scat-
terings during the initial crossing of the two nuclei in A+A collisions provide
such a probe. Energetic partons propagating through a dense medium are
predicted to lose energy [167-175] thus producing a suppression in the yield
of high-pr hadrons produced from the fragmentation of these partons. Ini-
tial measurements from RHIC Run 1 [39,47,176] and Run 2 [49,53,177,178]
demonstrated such a suppression, and the results of d+Au measurements
[58,61,60,59] showed that the suppression was not due to initial-state effects.
Further measurements have indicated a modification of di-jet angular corre-
lations [61] that has also been attributed to in-medium parton energy loss
[179,180].

While the energy loss of hard-scattered partons was originally proposed as a
signature of the quark-gluon plasma and deconfinement, it has been argued
recently that the energy loss is sensitive only to the density of unscreened
color charges and not directly to deconfinement [171-175,181,182]. Ideally, a
measurement of initial parton densities together with constraints on initial
energy density might allow an estimate of the temperature of the medium. As
will be seen below, the current high-pr measurements and theoretical tools for
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interpreting the experimental data are not yet sufficient to take such a step.
Instead, the energy loss results are currently being used to provide estimates of
the initial energy density. The remainder of this section summarizes PHENIX
experimental data related to high-py suppression, discusses the current state
of theoretical understanding of the energy loss process and concludes with a
statement of estimates for initial parton number and energy densities that
currently can be made.

6.1 Single particle spectra, Raq

As described in Section 5, in the absence of modifications due to initial-state
or final-state effects, the rate for the production of particles through hard-
scattering processes in nucleus-nucleus collisions is expected to be given by
the equivalent p + p hard-scattering cross section multiplied by Tp. Figure
35 shows PHENIX 7° spectra, d? N/dprdy, measured in 200 GeV [49] periph-
eral (80-92%) and central (0-10%) Au+Au collisions compared to measured
[56] p + p cross sections multiplied by the peripheral and central Tsp values
estimated using the procedure described in Section 5. The error bands on the
p + p data points reflect both the systematic errors on the p + p cross sections
and the uncertainties in the Ty g values. As the figure clearly demonstrates, the
central Au+Au 7° yields are strongly suppressed relative to the “expected”
yields over the entire measured pr range. In contrast, the peripheral yields
compared to the T'yg-scaled p + p cross sections show little or no suppression.
The results incontrovertibly demonstrate that there is a strong and centrality-
dependent suppression of the production of high-pr pions relative to pQCD-
motivated expectations. This is quite different from measurements of R44
in Pb+Pb collisions at /syy = 17.3 GeV where in semi-peripheral Pb+Pb
collisions there is a nuclear enhancement increasing with py similar to the
well-known Cronin effect, while in central collisions the Cronin enhancement
appears to be weaker than expected.

To better quantitatively demonstrate the suppression in central collisions in-
dicated in Fig. 35, we show in Fig. 36 Ra4(pr) for mid-rapidity 7%’s in central
and peripheral 200 GeV Au+Au collisions. We also show the values obtained
from minimum-bias 200 GeV d+Au collisions [58] which provide a stringent
test of the possible contribution of initial-state nuclear effects to the observed
suppression in Au+Au collisions. The error bands on the data indicate com-
bined statistical and point-to-point systematic errors and the bars shown next
to the different data sets indicate common systematic errors due to uncertain-
ties in the p + p cross section normalization and T4 5.

Figure 36 shows that the central Au+Au 7% suppression changes only slightly
over the measured pr range and reaches an approximately pr-independent
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Fig. 35. 7 pr spectra in 200 GeV Au+Au collisions [49] compared to a Tiap scaling
of the 200 GeV p + p 70 differential cross section [56]. The central data were obtained
with a 0-10% centrality cut while the peripheral data were obtained with an 80-92%
cut.

factor of 5 (Raa = 0.2) for pr > 4 — 5 GeV/c. The peripheral Au+Au Raa
values are consistent with one after taking into account systematic errors but
we cannot rule out a slight suppression suggested by the peripheral R44 val-
ues. In all of the data sets Ra4 decreases with decreasing pr for pr < 2 GeV /c.
This decrease, known since the original measurements of the A dependence of
particle production in pA collisions is due to contributions of soft hadronic pro-
cesses at low pr that are expected to increase more slowly than proportional
to Thp. The d+Au Ry values are also consistent with one within systematic
uncertainties, but in contrast to the Au+Au results, the data suggests a slight
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enhancement. The d+Au Ry4 values above 2 GeV/c exceed one for nearly the
entire experimentally covered pr range. As shown previously in Fig. 32, only
for pr>6 GeV/c does the d+Au pion yield return to the T4 p-scaling expec-
tation. Such a small enhancement is consistent with expectations based on
prior measurements of the Cronin effect [183,184], and it is also quantitatively
consistent with calculations incorporating the initial-state multiple scattering
that is thought to produce the Cronin effect [185-191]. Therefore the Cronin
effect at RHIC cannot mask a strong initial-state suppression of the parton
distributions in the Au nucleus [192].
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To better demonstrate the systematic behavior of the high-p; suppression
we show in Fig. 37 7° [49] and unidentified charged particle Ra4 values [53]
as a function of py for various centrality bins. While for moderate pr val-
ues (2 < pr < 5 GeV/c) total charged particle production is suppressed less
than pion production, the charged particle and 7° R44 values become equal,
within errors, at high py. This evolution in the charged particle suppression
is related to contributions from the (anti)protons that will be discussed fur-
ther below. Despite the differences resulting from the protons, the charged
particles and 7%’s exhibit very similar trends in the suppression vs. py and
vs. centrality. The suppression increases smoothly with centrality though the
change in R4, values at high pr is most rapid in the middle of the centrality
range. Figure 37 also shows that the suppression is approximately constant as
a function of pr for pr > 4.5 GeV/c in all centrality bins. We take advantage
of this feature of the data to better illustrate the centrality dependence of the
suppression by integrating both the Au+Au spectra and the reference p + p
cross sections over pr > 4.5 GeV/c and using these integrated quantities to
determine an average suppression factor, Ra4 for pr > 4.5 GeV/c. We plot
the charged particle and 7° Ra4 values vs. Nyuy in Fig. 38(top). This figure
suggests that the suppression evolves smoothly with Ny, showing no abrupt
onset of suppression. The charged particles and 7°’s exhibit similar evolution
of suppression with Np,¢. In the most central collisions we obtain R4 val-
ues of 0.24 £ 0.04(total) and 0.23 + 0.05(total) for charged particles and 7%’s
respectively. In peripheral collisions, R44 approaches one, but the systematic
errors on the most peripheral Tsp values are sufficiently large that we cannot
rule out ~ 20% deviations of the peripheral Au+Au hard-scattering yields
from the T)yp-scaled p + p cross sections.

An alternative method for evaluating the evolution of the high-p; suppression
with centrality is provided in Fig. 38(bottom) which presents the charged and
70 yields per participant integrated over py > 4.5 GeV/c as a function of
Npart [53] divided by the same quantity in p + p collisions. Also shown in the
figure are curves demonstrating the Ny, dependence that would result if the
79 and charged particle yields exactly Tsp scaled and what an Npart scaling
from p+ p collisions would imply. As Fig. 38 demonstrates, the high-pr yields
of both charged hadrons and ©°’s per participant increase proportional to Thp
for small N, but level off and then decrease with increasing Npuy in more
central collisions. The PHENIX measurements do not naturally support an ap-
proximate Ny scaling of high-py particle production suggested in an analysis
of PHOBOS data. The PHENIX RXT” values decrease from mid-peripheral
(Npart = 75) to central collisions by an amount larger than the systematic er-
rors in the measurement. For more peripheral collisions, Rgﬁf‘” increases with
Npar consistent with the modest suppression of high-pr production shown for
peripheral collisions in the top panel of Fig. 38. The initial rise and subsequent

decrease of Rgﬁf‘” with increasing Npat suggests that the high-pr hadron yield
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Fig. 38. Top panel: Rg4 vs. Npart obtained from pr-integrated (pr > 4.5 GeV/c)
Au+Au 7¥ and charged-hadron spectra. The band indicates the systematic error
bands on a hypothetical T4 scaling of the p 4+ p pr-integrated cross section. Bottom

panel: 7° and charged hadron yield per participant vs. Npary divided by the same

quantity in p + p collisions (RXT”). The solid band shows the same band as in the

top panel expressed in terms of yield per participant pair while the dashed band
indicates the systematic error bands around a hypothetical V4t scaling. Both plots
are from [53].
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in Au+Au collisions has no simple dependence on Np,,¢. The observation that
the high-pr yields initially increase proportional to T'45 demonstrates that in
the most peripheral Au+Au collisions the hard-scattering yields are consistent
with point-like scaling. However, the deviation from 745 scaling sets in rapidly,
becoming significant by Npa = 50. By Npare = 100 the high-py suppression
is so strong that high-py yields grow even more slowly than proportional to
Npart-

6.2 xr scaling in Au+Au collisions at RHIC
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Fig. 39. Power-law exponent n(z7) for 7° and h spectra in central and peripheral
Au+Au collisions at \/syny = 130 and 200 GeV [53].

If the production of high-pr particles in Au+Au collisions is the result of hard
scattering according to pQCD, then zr scaling should work just as well in
Au+Au collisions as in p + p collisions and should yield the same value of
the exponent n(zr,+/s). The only assumption required is that the structure
and fragmentation functions in Au+Au collisions should scale, in which case
Eq. 23 still applies, albeit with a G(zr) appropriate for Au+Au. In Fig. 39,
n(zr, /snvn) in Au+Au is derived from Eq. 23, for peripheral and central
collisions, by taking the ratio of Ed*c/dp* at a given zr for \/syy = 130 and
200 GeV, in each case. The 7°’s exhibit 7 scaling, with the same value of
n = 6.3 as in p+p collisions, for both Au+Au peripheral and central collisions,
while the non-identified charged hadrons xr-scale with n = 6.3 for peripheral
collisions only. Notably, the ™ in Au+Au central collisions exhibit a signifi-
cantly larger value of n, indicating different physics, which will be discussed
below. The 7 scaling establishes that high-pr 7° production in peripheral and
central Au+Au collisions and h* production in peripheral Au+Au collisions
follow pQCD as in p + p collisions, with parton distributions and fragmenta-
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tion functions that scale with xr, at least within the experimental sensitivity
of the data.

6.3 Two-hadron azimuthal-angle correlations

We argued in Sec. 5 that the production of hadrons at high-pr results pre-
dominantly from hard scattering followed by fragmentation of the outgoing
parton(s). While this result is well established in p(p) + p collisions, it might
not be true in Au+Au collisions when the yield of high-pr particles is modi-
fied so dramatically compared to expectations. Since a hard-scattered parton
fragments into multiple particles within a restricted angular region (i.e. a jet)
a reasonable way to check the assumption that high-pr hadron production
in Au+Au collisions is due to hard scattering is to directly observe the an-
gular correlations between hadrons in the jets. None of the experiments at
RHIC are currently capable of reconstructing jets in the presence of the large
soft background of a Au+Au collision. However, both STAR [193,194] and
PHENIX [195,196] have directly observed the presence of jets by studying
two-hadron azimuthal-angle correlations. Figure 40 shows preliminary distri-
butions [195] of the relative azimuthal angle (A¢) between pairs of charged
particles detected within the PHENIX acceptance in d+Au collisions and pe-
ripheral (60-90%) and central (0-10%) Au+Au collisions after the subtraction
of combinatoric background. The pairs of particles are chosen such that one
particle lies within a “trigger” pr range (2.5 < pry;, < 4 GeV/c) while the
other “associated” particle falls within a lower py window 1.0 < pr < 2.5
GeV/c. The distributions show the differential yield per A¢ of associated par-
ticles per detected trigger particle within the given pr ranges and within the
n acceptance of the PHENIX central arms (—0.35 < 1 < 0.35).

The peaks observed at A¢ = 0 (near side) reflect the correlation between
hadrons produced within the same jet while the broader peaks observed at
A¢ = m (away side) reflect the correlations between hadrons produced in
one jet and hadrons produced in the “balance” jet. In the Au+Au cases, a
cos 2A¢ modulation underlies the jet angular correlations due to the elliptic
flow of particles in the combinatoric background and possibly also in part due
to azimuthal anisotropies in the jets themselves (see below). Nonetheless, the
cos 2A¢ contribution has little effect on the narrow same-jet (near-side) peak
in the A¢ distribution.

We observe that the angular widths of the same-jet correlations are the same,
within errors, in all three data sets in spite of the factor of two larger yield
of associated hadrons in central Au+Au collisions compared to d+Au and
peripheral Au+Au collisions. This result is demonstrated more quantitatively
in Fig. 41 which shows the centrality dependence of the Gaussian widths of
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Fig. 40. Differential yields per A¢ and per trigger particle of pairs of charged hadrons
in d+Au, peripheral Au+Au and central Au+Au collisions at /syy = 200 GeV.
The pairs were selected with the higher-momentum “trigger” particle in the range
2.5 < pp < 4.0 GeV/c and the lower-momentum “associated” particle in the range
1.0 < pr < 2.5 GeV/c. A constant background has been subtracted for all three
distributions.

the same-jet peaks in the Au+Au A¢ compared to the jet widths extracted
from d+Au collisions [195]. We see that the Au+Au two-hadron correlation
functions show peaks with the same jet width as d+Au collisions. Since this
width is a unique characteristic of the parton fragmentation process, we con-
clude that high-pr hadrons in Au4Au collisions result from hard scattering
followed by jet fragmentation regardless of any medium modifications of the
fragmentation multiplicity.
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Fig. 41. The azimuthal angle width of jets in 200 GeV Au+Au collisions extracted
as the o’s of Gaussian fits to the 0° peak in the two-charged-hadron azimuthal-angle
(A¢) correlation functions [195]. The correlation functions were formed from pairs
with trigger hadron in the ppr range 2.5 < pr < 4.0 GeV/c and the associated
hadron in the range 1.0 < pr < 2.5 GeV/c. The dashed lines show the +1o range
of the jet widths in d+Au collisions using the same momentum bins. In the Au+Au
data, the effect of the elliptic flow has been subtracted in the extraction of the jet
width.

6.4 High-pr suppression and energy loss

The suppression of the production of high-p; hadrons in heavy ion collisions at
RHIC had been predicted long before RHIC started running [167,168,170,169,171—
173,197]. It is now generally accepted that partons propagating in colored
matter lose energy predominantly through medium-induced emission of gluon
radiation [198,199]. An energetic parton scatters off color charges in the high-
parton-density medium and radiates gluon bremsstrahlung. The reduction in
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the parton energy translates to a reduction in the average momentum of the
fragmentation hadrons, which, in turn, produces a suppression in the yield of
high-pr hadrons relative to the corresponding yield in p + p collisions. The
power-law spectrum for pr > 3 GeV/c implies that a modest reduction in
fragmenting parton energy can produce a significant decrease in the yield of
hadrons at a given py. Thus, the suppression of the yield of high-pr hadrons
is generally believed to provide a direct experimental probe of the density of
color charges in the medium through which the parton passes [200,182,188].
However, before proceeding to an interpretation of our results, we briefly dis-
cuss the theoretical understanding of the radiative energy loss mechanism and
limitations in that understanding.

The dominant role of radiative gluon emission was identified early on [169],
but it took several years and much effort before rigorous calculations of the en-
ergy loss taking into account Landau-Pomeranchuk-Migdal suppression [170]
and the time evolution of the medium were available. Initial estimates of the
radiative energy loss suggested an approximately constant AE/Az [168,170],
but later calculations [171,201,174,175] showed that the quantum interference
can produce a loss of energy that grows faster than linearly with the propaga-
tion path length, L, of the parton in the medium. However, this ideal growth
of AE/Ax with increasing path length is never realized in heavy ion collisions
due to the rapid decrease of the energy density and the corresponding color
charge density with time [173,182,188,179]. Generally, all energy loss calcula-
tions predict that the fractional energy loss of a propagating parton decreases
with increasing parton energy. However, the precise evolution with parton en-
ergy depends on the assumptions in the energy loss models and on the treat-
ment of details like kinematic limits and non-leading terms in the radiation
spectrum [199,198]. There are many different calculations of medium-induced
energy loss currently available based on a variety of assumptions about the
thickness of the medium, the energy of the radiating parton, and the coher-
ence in the radiation process itself (see [202,199,198] for recent reviews). The
pr dependence of the PHENIX 7% R 44 values has ruled out the possibility of
a constant (energy independent) AE/Ax [197] and the original BDMS energy
loss formulation (which the authors argued should not be applied at RHIC
energies). In fact, the only detailed energy loss model that predicted the flat
pr dependence of R44 over the pr range covered by RHIC data was the GLV
prescription [175,203-205,188]. In the GLV formulation, the fractional energy
loss for large jet energies varies approximately as log(FE)/E but the authors
observe that below 20 GeV the full numerical calculation of the energy loss
produces a nearly constant AE/E [199]. However, the same authors argue
that the flat Raa(pr) observed at high pr at 200 GeV also requires an ac-
cidental cancellation of several different contributions including the separate
pr dependences of the quark and gluon jet contributions, the py dependence
of the Cronin enhancement, and shadowing/EMC effect. A comparison of the
GLV results for the pr dependence of the 7° suppression to the PHENIX data
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is shown in Fig. 42.
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F Wang, with abs.
6L Wang, no abs.

I — GLV

Fig. 42. Comparisons of energy loss calculations [206,179] used to extract estimates
for the initial parton number or energy density (see text for details) to the central
200 GeV/c Aut+Au 7 Raa(pr) measured by PHENIX. The Wang curves compare
results with and without energy absorption from the medium.

One of the most critical issues in the energy loss calculation is the treatment
of the time evolution of the energy density of the matter through which the
radiating parton is propagating. Even if transverse expansion of the created
matter is ignored, the longitudinal expansion produces a rapid reduction in the
energy density as a function of time. Most energy loss calculations assume that
the color charge density decreases as a function of proper time as p(7) = po70/T
in which case the measured R4 can be used to infer the product pgrm. Here
To represents the formation time of the partons from which the medium is
composed and pg the initial number density of those partons. Since the gluons
have the largest cross section for scattering with other partons, the initial
color-charge density is interpreted as the gluon density. Making the usual
assumption that the produced partons are spread over a longitudinal spatial
width 6z = 7ydy, the GLV authors relate the product py7y to the initial dn,/dy
and obtain dn,/dy = 1000 £ 200 from the PHENIX 7° R 44 values [188]. The
sensitivity of the GLV calculations to the details of the description of the
transverse parton density and the transverse expansion of the matter has been
tested by using the results of hydrodynamic calculations of the energy density
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as a function of position and time [207]. The average energy loss for partons in
central Au+Au collisions evaluated under dramatically different assumptions
was shown to be remarkably insensitive to details of the description of the
parton density. The GLV results are also potentially sensitive to a “screening
mass” that determines both the transverse momentum distributions of the
virtual gluons absorbed from the medium in the bremsstrahlung process and
an energy cutoff for the radiated gluons. This mass is related to the local
energy density using lattice QCD calculations of the plasma screening mass
[188]. However, it was shown by the authors that a factor of two change in the
screening mass produces only a 15% change in the dn,/dy needed to describe
the data.

An alternative analysis of parton energy loss [208] starts from explicit cal-
culation of higher-twist matrix elements for e + A collisions that account for
coherent rescattering of the struck quark in the nucleus. The contributions of
these higher-twist terms can be incorporated into modified jet fragmentation
functions, producing an effective energy loss. This calculation can reproduce
[182] the HERMES measurements of modified jet fragmentation in nuclear
deep-inelastic scattering [209]. By relating the modified fragmentation func-
tions from the higher-twist calculation to energy-loss results obtained from
the leading term in an opacity expansion calculation (e.g. GLV) of medium-
induced energy loss the parameters describing the rescattering in the nucleus
in e + A collisions can be related to the parameters describing the medium in
an explicit energy-loss calculation. By relating the two sets of parameters, the
parton density in the hot medium can be related to the parton density in a
cold nucleus [182]. Results of this analysis are shown in Fig. 42 for parameters
that give an initial energy loss per unit length of 13.8 3.9 GeV /fm when the
HIJING [70] parameterization of shadowing is used [179] (Note: this result is a
factor of two larger that in [182] which was based on analysis of the 130 GeV
results). However, an alternative (EKS) [210] shadowing description results
in an initial energy loss of 16.1 £ 3.9 GeV/fm [179] in the same calculation
indicating at least a 25% systematic error in the energy loss estimates due
to uncertainties in the description of nuclear shadowing. Nonetheless, these
initial-energy-loss values are much larger than the time-averaged energy loss
extracted from the calculation, 0.85 + 0.24 GeV/fm for HIJING shadowing
[179], due to the assumed 1/7 decrease in the color-charged density. In fact,
the average energy loss per unit path length in central Au+Au collisions [182]
is comparable to the value for cold nuclear matter extracted from HERMES
data [182]. However, the initial energy loss is estimated by Wang to be a fac-
tor of ~ 30 larger than that in a cold nucleus [179] implying that the initial
Au+Au parton density is larger by a factor > 30 than in cold nuclear matter
[211].

As shown in Fig. 42 the Wang higher-twist calculation predicts a suppression
that varies strongly with py over the range where the experimental R44(pr)
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values are flat. However, Wang and Wang have argued that absorption of
energy from the medium needs to be accounted for in calculating the energy
loss of moderate-pr partons [181]. They provide a formula which incorporates
both parton energy loss and “feedback” from the medium that can reproduce
the shape of the observed high-p; suppression as shown by the lower curve
in Fig. 42. This formula, then, provides the energy loss estimate given above.
This explanation for the observed pr independence of R44, a crucial feature
of the experimental data, is disquieting, however, because it contradicts the
explanation provided by the GLV model which provides a consistent estimate
of the initial energy density. The feedback of energy from the medium is not
included in the GLV calculations and if this contribution is significant, then
the agreement of the GLV predictions with the 7% R4(pr) over the entire
pr range would have to be considered “accidental”. Also, the variation of the
suppression in the Wang higher-twist calculation with pr reflects the AE o
log E' variation of parton energy loss naturally obtained from approximations
to the full opacity expansion [199]. As noted above, the GLV approach finds
that incorporating non-leading terms in the opacity expansion produces AE
E. Thus, while the absorption of energy from the medium in the Wang et al.
approach may only be significant below pr = 5 GeV /¢, the differences between
the variation of energy loss with parton energy in the two approaches will not
be confined to low pr.

One source of uncertainty in the interpretation of the high-pr suppression is
the role of possible inelastic scattering of hadrons after fragmentation. It was
originally argued that final-state inelastic scattering of hadrons could produce
all of the observed suppression [212]. The persistence of the jet signal with
the correct width in Au+Au collisions would be difficult to reconcile with this
hypothesis. Indeed, more recent analyses [213] discount the possibility that
hadronic re-interaction could account for the observed high-pr suppression
and indicate that only ~ 1/3 of fragmentation hadrons undergo final-state
inelastic scattering [213]. Wang has also argued [214] that the complete pat-
tern of high-pr phenomena observed in the RHIC data cannot be explained
by hadronic rescattering. However, this leaves open the question of whether
hadronic re-interactions after jet fragmentation can be partially responsible
for the observed high-pr suppression. There are a number of other open is-
sues with the quantitative interpretation of the observed high-p; suppression.
The calculations all assume that the jets radiate by scattering off static color
charges while the typical initial gluon pr is often assumed to be ~ 1 GeV.
Also the radiated gluons are assumed to be massless though a plasmon cutoff
equal to the screening mass is applied. The systematic errors introduced by
these and other assumptions made in the current energy loss calculations have
not yet been evaluated though the gluon screening mass is being included in
analyses of heavy-quark energy loss.

113



6.5 FEmpirical Energy Loss Estimate

The observation that the suppression of high-pr particle production is ap-
proximately independent of pr above 4 GeV/c and that the p + p pr spectra
are well described by a pure power-law function in the same pr range allows
a simple empirical estimate of the energy loss of hard-scattered partons in
the medium. The 7° invariant cross section measured by PHENIX in p + p
collisions [56] is found to be well described by a power law

d*n 1 d°n A

S = 28
dp® 2w prdprdy  pr" (28)

for pr > 3.0 GeV/c with an exponent n = 8.1 & 0.1. If we assume that none
of the hard-scattered partons escape from the medium without losing energy,
then the approximately pr-independent suppression above 4.5 GeV/c can be
interpreted as resulting from an average fractional shift in the momentum of
the final-state hadrons due to energy loss of the parent parton. The suppressed
spectrum can be evaluated from the unsuppressed (p + p) spectrum by noting
that hadrons produced in Au+Au collisions at a particular pr value, would
have been produced at a larger pr value pr’ = pr + S(pr) in p + p collisions.
If the energy loss is proportional to pr then we can write S(pr) = Sopr so
pr’ = (14 So)pr Then, the number of particles observed after suppression in
a given Apy interval is given by

dn  dn dpy’ A
dpr  dpr' dpr (1 + Sp)=2) ppln=1)°

(29)

We note that the factor ZPTI; accounts for the larger relative density of parti-
cles per measured pr interval due to the effective compression of the pr scale
caused by the induced energy loss; this factor is necessary for the total num-
ber of particles to be conserved. The nuclear modification factor then can be
expressed in terms of Sy,

Raalpr) = ( ! (30)

L+ )

Using this very simple picture, we can estimate the fraction of energy lost by
hard-scattered partons in the medium from our measured R44 values. First
we obtain Sy from Eq. 30

1
So = ——r—5 — 1. (31)
R/ D)
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Then we observe that the hadrons that would have been produced in p+ p
collisions at a momentum (1 + Sy)pr were actually produced at pr, implying
a fractional energy loss

Sloss =1- 1/(1 + SO) =1- RAAI/(n_z)- (32)

Figure 43 shows the centrality dependence of S obtained from the pp-
averaged R 44 values shown in Fig. 38. For the most central Au+Au collisions
at 200 GeV we obtain S, = 0.2, which naively implies that an average 20%
reduction in the energy of partons in the medium will produce the suppression
observed in the 7° spectra above 4.5 GeV/c. The extracted S, values are
well described by an Npart2/ 3 dependence using the most central bin to fix the
proportionality constant. This result agrees with the GLV prediction for the
centrality dependence of the medium-induced energy loss.

It has been shown previously [215,216] that fluctuations in the radiation pro-
cess can distort an estimate of parton energy loss using the procedure de-
scribed above. Because of the steeply falling pr spectrum, the partons that
lose less energy dominate the yield at a given py so our determination of Sjye
will significantly underestimate the true energy loss. However, it has also been
observed that this distortion can largely be compensated by a single multi-
plicative factor of value ~ 1.5 — 2 [215]. While we cannot use the empirically
extracted energy loss to estimate an initial gluon density, we can evaluate
the consistency of our results with estimates of (dF/dx) in the medium. If
we take into account the factor of 1.5 — 2.0 renormalization of the S, We
estimate that 10 GeV partons lose ~ 3 —4 GeV of energy. If the typical path
length of these partons is on the order of the nuclear radius then we can in-
fer a AE/Az ~ 0.5 GeV/fm which is in good agreement with the estimate
from Wang [182]. We can also use the above empirical energy loss approach to
evaluate possible systematic errors in the estimate of the initial gluon density.
For example, if one third of the observed suppression were a result of final-
state hadronic interactions in the medium, then the suppression due to energy
loss would be a factor of 1.5 smaller than that implied by the measured R 44
values, assuming that every fragmentation hadron that interacts effectively
“disappears” by being shifted to much lower momentum. As a result, Sy in
central Au+Au collisions would be reduced from 0.25 to 0.17, implying 30%
reduction in the estimated energy loss. If the energy loss is indeed proportional
to the initial gluon density then the uncertainty in the effect of the final-state
hadronic interactions would introduce a 30% systematic error in dn,/dy.
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Fig. 43. Calculated energy loss shift factor, Sioss vs. Npart for 7Y and charged hadron
production in 200 GeV Au+Au collisions. The band around the values indicates
systematic errors resulting from uncertainties in 74p and the normalization of the
p + p spectrum. The dot-dashed curve shows an Nparf/ 3 scaling of Sjpes using the
most central bin to fix the proportionality constant.

6.6 Conclusions

The observed suppression of high-pr particle production at RHIC is a unique
phenomenon that has not been previously observed in any hadronic or heavy
ion collisions at any energy. The suppression provides direct evidence that
Au+Au collisions at RHIC have produced matter at extreme densities, greater
than ten times the energy density of normal nuclear matter and the highest
energy densities ever achieved in the laboratory. Medium-induced energy loss,
predominantly via gluon bremsstrahlung emission, is the only currently known
physical mechanism that can fully explain the magnitude and pr dependence
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of the observed high-pr suppression. This conclusion is based on evidence
provided above that we summarize here:

e Observation of the xr scaling of the high-p; hadron spectra and measure-
ments of two-hadron azimuthal-angle correlations at high pr confirm the
dominant role of hard scattering and subsequent jet fragmentation in the
production of high-pr hadrons.

e d+Au measurements demonstrate that any initial-state modification of nuclear-
parton distributions has little effect on the production of hadrons with
pr > 2 GeV/c at mid-rapidity.

e This conclusion is further strengthened by preliminary PHENIX measure-
ments showing that the yield of direct photons with py > 5 GeV/c is consis-
tent with a Ty g scaling of a pQCD-calculated p + p direct-photon spectrum.

e Analyses described above indicate that final-state hadronic interactions can
only account for a small fraction of the observed high-pr suppression.

Interpreted in the context of in-medium energy loss, the high-pr suppression
data rule out the simplest energy loss prescription—a jet energy indepen-
dent AE/Azx. The approximately flat Ra4(pr) was predicted by the GLV
energy loss model from which the most explicit estimates of the initial gluon-
number density, dn,/dy = 1000 £ 200 and a corresponding initial energy den-
sity g9 &~ 15GeV /fm? [188], have been obtained. An alternative estimate from
the analysis of Wang et al. [182] yields a path-length-averaged energy loss of
0.5 GeV/fm. Assuming a 1/7 time evolution of the energy density a much
larger initial energy loss of 13-16 GeV /fm is obtained. That estimate com-
bined with the estimated 0.5 GeV/fm energy loss of partons in cold nuclear
matter yields an initial Au+Au gluon density > 30 times larger than that in
nuclei [211]. From this result, Wang concludes that the initial energy density is
a factor of ~ 100 times larger than that of a nucleus which would correspond
to 16GeV /fm? [211]. While this conclusion is consistent with the independent
estimate from GLV, we note that the two models provide completely different
explanations for the nearly pr-independent R44 — the most unique feature
of the single-particle high-py suppression — and the differences between the
approaches may not be confined to low pr. An empirical analysis of the par-
ton energy loss suggests that the Wang estimate of > 0.5 GeV/fm for the
average parton AF/Az is consistent with the measured R 44 values in central
Au+Au collisions. However, some outstanding issues with current energy loss
calculations and the interpretation of high-pr suppression were noted above.
Most notably, rescattering of hadrons after parton fragmentation could affect
the observed high-p7 suppression even if such rescattering cannot explain the
pattern of jet quenching observations. Using results from [213] and our empir-
ical energy loss analysis, we estimated that hadronic interactions could modify
extracted values for initial parton densities by only 30%. However, we cannot
evaluate the potential systematic error in extracted parton densities due to
other untested assumptions of the energy loss calculations. Therefore, to be
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conservative we interpret the extracted initial gluon number and energy den-
sities as order-of-magnitude estimates. Even then, the 15GeV /fm? estimated
by Gyulassy and Vitev from the central 200 GeV Au+Au 7° Raa(pr) mea-
surements indicates that the matter produced in central Au+Au collision has
an energy density > 10 times normal nuclear matter density.

7 HADRON PRODUCTION

Descriptions of heavy ion collisions have provided an understanding of early
energy densities, production rates and medium effects of hard partons, and col-
lective flow of matter. However, hadronization—the process by which partons
are converted into hadrons—is not well understood. The process of hadroniza-
tion is particularly important since it includes both the dressing of the quarks
from their bare masses, i.e. the breaking of approximate chiral symmetry,
and the confinement of quarks into colorless hadrons. One could conclude
that a quark-gluon plasma had been formed if one had conclusive evidence of
hadronization occurring from a thermal distribution of quarks and gluons.

Hadronization processes have been studied over many years in proton-proton
and electron-positron reactions. Hadron formation, by its very nature a non-
perturbative process, has often been parameterized from data (e.g. fragmen-
tation functions D(z)) or phenomenologically described (e.g. string models)
[217]. From QCD one expects that hadron production at high transverse mo-
mentum is dominated by hard scattering of partons followed by fragmentation
into “jets” or “mini-jets” of hadrons. Following the assumptions of collinear
factorization, the fragmentation functions should be universal. This univer-
sality has proved a powerful tool in comparing eTe~ annihilation to hadron-
hadron reactions. One feature of jet fragmentation is that baryons and an-
tibaryons are always suppressed relative to mesons at a given pr [218,219].
Phenomenologically this can be thought of as a large penalty for creating a
diquark-antidiquark pair for baryon formation vs. a quark-antiquark pair for
meson formation.

In hadron-hadron reactions, hard scattering followed by fragmentation is con-
sidered to be the dominant process of hadron production for particles with
pr > 2 GeV/c at mid-rapidity. At low transverse momentum, where particles
have pr < 2 GeV/c, particle interactions are often referred to as “soft”. In
small momentum transfer reactions the effective wavelength of interactions is
longer than the spacing of individual partons in a nucleon or nucleus. Thus
coherence effects are expected to result in large violations of factorization
and universality of fragmentation functions. Hadron formation mechanisms in
this “soft” regime are poorly understood. We are particularly interested in the
study of hadron formation in the region of pr ~ 2-5 GeV/c, where production

118



is expected to make the transition from “soft” to “hard” mechanisms.

7.1 Baryons and Antibaryons

One of the most striking and unexpected observations in heavy ion reactions
at RHIC is the large enhancement of baryons and antibaryons relative to pions
at intermediate pr ~ 2-5 GeV /c. As shown in Fig. 44, the (anti)proton to pion
ratio is enhanced by almost a factor of three when one compares peripheral
reactions to the most central gold-gold reactions [220] 7. This of course is in
sharp contrast to the suppression of pions in this region.

o 1'8: proton/pion I anti-proton/pion
g 1-6f + o AutAuO-10% __
1 4'_ ac A o  Au+Au 20-30% ]
I T o e Au+Au60-92% 1
1.9F 1 * p+p, Ns = 53 GeV, ISR ]
I I ---- e*e,gluon jets, DELPHI ]
1F + + | NP e*e’, quark jets, DELPHI ]
0.8F * + 1
0.6f 1
0.41 + 1
I *
0.2 miy
0 L |

p; (GeVic) p; (GeVic)

Fig. 44. p/7 (left) and p/7 (right) ratios for central (0-10%), mid-central (20-30%)
and peripheral (60-92%) Au+Au collisions at /syn = 200GeV. Open (filled) points
are for 7t/ (%), respectively. Data from /s = 53GeV p + p collisions [218] are
shown with stars. The dashed and dotted lines are (p+p)/(n" + 7 ~) ratio in gluon
and in quark jets [219].

We can investigate this (anti)baryon excess to much higher py by comparing
our inclusive charged spectra (primarily pions, kaons and protons) with our
neutral pion measurements [220]. Shown in Fig. 45 is the charged hadron to
7V ratio as a function of transverse momentum in ten centrality bins. We
observe a significant increase of the (h* + h™)/x° ratio above 1.6 in the pr
range 1-5 GeV/c that increases as a function of collision centrality. The ratio

7 All PHENIX (anti)proton spectra shown in this section are corrected for feed
down from heavier resonances.
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of h/m = 1.6 is the value measured in p + p reactions [218], and is thought to
arise from jet fragmentation. In Au+Au central reactions, above pr ~ 5GeV /c,
h/m returns to the p+p measured baseline. This implies that the (anti)baryon
excess occurs only in the limited py window ~2-5 GeV/c, and then returns
to the universal fragmentation function expectation.

As discussed in section 6, pions in this py range are suppressed by almost a
factor of five relative to binary collision scaling for central Au+Au reactions.
Thus, one possible interpretation of the large (anti)proton to pion ratio is that
somehow the baryons are not suppressed in a manner similar to the pions.
Figure 46 shows that in fact (anti)proton production appears to follow binary
collision scaling over the transverse momentum range pr = 2-5 GeV/c [220].
However, the h/7° ratios shown in Fig. 45 imply that above pr > 5 GeV/c,
the (anti)protons must be as suppressed as the pions.

Characteristics of the intermediate pr (anti)protons are:

A large enhancement of the p/7 and p/7 ratios in central Au+Au collisions.
A ratio in peripheral collisions which is in agreement with that from p + p
collisions.

A smooth increase from peripheral to central Au+Au collisions.

A similar effect for protons and antiprotons.

Approximate scaling of (anti)proton production at pr ~ 2-4 GeV/c with
the number of binary nucleon-nucleon collisions.

e Suppression relative to binary collision scaling similar for (anti)protons and
pions for pr > 5 GeV/c.

Large proton to pion ratios have also been observed in heavy ion collisions at
lower energies. Figure 47 shows pr distributions of protons, antiprotons, and
pions in central Pb+Pb collisions at the SPS and in central Au+Au collisions
at the AGS. The p/7 ratio in central Pb+Pb collisions at the SPS is greater
than unity for pr > 1.3 GeV/c. At the AGS, the proton spectrum crosses
pion spectra at pr ~ 0.5 GeV/¢, and the p/m ratio is about 20 at pr = 1.6
GeV/c. The p/m ratios in the low-energy heavy-ion collisions are also enhanced
compared with p + p collisions at the same energy.

Most of the protons in these lower-energy heavy-ion collisions are not produced
in the collision. Rather they are protons from the beam or target nucleus (Pb
or Au) that are transported to large pr at mid-rapidity. As discussed in section
3, a strong radial flow with velocity fr ~ 0.5 is produced in heavy ion collisions
at AGS and SPS energies. The large p/7 ratio can be interpreted as a result of
this radial flow. Since the proton is heavier, a fixed velocity boost results is a
larger momentum boost than for pions, and thus enhances p/7 ratio at higher
pr. In contrast, at RHIC energies, most of protons are produced particles [40].
The anomalously large antibaryon-to-meson ratio p/m ~ 1 at high pr > 2
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Fig. 45. Charged hadron to 7° ratio for different centrality classes for Au+Au colli-
sions at /syn = 200GeV. Error bars represent the quadratic sum of statistical and
point to point systematic errors. The shaded band shows the normalization error
common to all centrality classes. The line at 1.6 is the h/7 ratio measured in p + p
collisions at /s = 53GeV [218] and e+e- collisions [219].
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GeV/c is a unique result from RHIC. Such a large p/m ratio has not been
observed in any other collision system. Figure 47 shows that p/m is less than
~ 0.1 at the SPS, and it is less than 1/100 at the AGS. It should also be noted
that the measurements from the AGS/SPS are limited to lower pr (pr < 2
GeV/c), where soft physics is still dominant, while at RHIC we observe a large
p(p)/m ratio in pr &~ 2-5 GeV/c where hard processes are expected to be the
dominant mechanism of particle production.

7.2 The ¢ Meson

We have extended our identified hadron studies to include the ¢ vector meson
as measured in the KTK~ decay channel. The ¢ is a meson, and is in that
sense similar to the pion with a valence quark and antiquark, and yet its mass
is comparable to that of the proton.

Figure 48 shows R¢p, the ratio of production in central to peripheral Au+Au
collisions scaled by binary collisions, for protons, pions and ¢ mesons detected

via its KK decay channel [225] in Au+Au collisions at /syy = 200GeV. A
large suppression of pions at pyr > 2GeV/c is observed (as detailed in Section
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Fig. 47. Invariant yields of p, p, and 7 as function of pr in central Pb+4-Pb collisions
at the SPS (\/sny = 17 GeV) (left panel) and in central Au+4Au collisions at the
AGS (\/syn = 5 GeV) (right panel). The p spectrum from the AGS is scaled up
by a factor 100. All data are at mid-rapidity (y — yem =~ 0) and are from W98 [155],
NA44 [221], NA49 [222], and ES66 [223,224].

6), and a lack of suppression for the protons and antiprotons as expected
from Fig. 46. The ¢ follows the suppression pattern of the pions within errors,
indicating that the surprising behavior of the protons is not followed by the ¢.
Figure 49 shows a comparison between the pr spectral shape for protons and
the ¢ in central and peripheral Au+Au reactions. The two spectra agree with
each other within errors for the most central events. Thus, although the yields
are evolving differently with collision centrality, giving rise to the deviation
from unity of Rcp, the pr distributions appear quite similar.

7.8  Jet Correlations

A crucial test of the origin for the enhanced (anti)proton to pion ratio is to
see if baryons in this intermediate py regime exhibit correlations characteristic
of the structure of jets from hard-scattered partons. Particles which exhibit
these correlations are termed “jet-like”. Figure 50 shows the associated part-
ner particle yield within the relative angular range 0.0 < ¢ < 0.94 radians on
the same side as trigger baryons and mesons [226]. Correlated pairs are then
formed between the trigger particle and other particles within the above men-
tioned angular range. Mixed events are used to determine the combinatorial
(i.e. non-jet-like) background distribution, which is subtracted after modula-
tion according to the measured wvs.
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Fig. 48. The Rcp of the ¢ as measured in the K K channel, compared to the protons
and pions for Au+Au collisions at /syny = 200GeV.

The partner yield increases for both trigger baryons and mesons by almost
a factor of two from deuteron-gold to peripheral and mid-central Au+Au re-
actions. We then observe a decrease in the jet-like correlations for baryons
relative to mesons for the most central collisions. It is notable that this obser-
vation is of limited significance within our current statistical and systematic
errors. Over a broad range of centrality 10-60% the partner yield is the same
for protons and pions within errors. This is notable since the (anti)proton to
pion ratio has already increased by a factor of two for mid-central Au+Au
relative to proton-proton reactions, with the implication that the increase in
the p/m ratio is inclusive of the particles with jet-like correlations.

The dashed line in Figure 50 shows the expected centrality dependence of
partners per baryon if all the “extra” baryons which increase the p/m over
that in p+p collisions were to arise solely from soft processes. Baryons from
thermal quark recombination should have no jet-like partner hadrons and
would dilute the per-trigger conditional yield. Because this simple estimate
does not allow for meson production by recombination, which must also occur
along with baryon production, it represents an upper limit to the centrality
dependence of jet partner yield from thermal recombination. The data clearly
disagree with both the centrality dependence and also the absolute yields of
this estimation, indicating that the baryon excess has the same jet-like origin
as the mesons, except perhaps in the highest centrality bin.
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The characteristics of the jet-like particles are compared to inclusive hadrons
in Fig. 51, which shows the centrality dependence of the pr distributions of
jet-like partners and inclusive hadrons. One can see that, within the statistics
available, the slopes of the associated particle spectra in p+ p, d+Au, periph-
eral and mid-central Au+Au collisions are very similar for both trigger mesons
and trigger baryons. The partner spectra are harder than the inclusive hadron
spectra, as expected from jet fragmentation. In the most central collisions, the
number of particles associated with trigger baryons is very small, resulting in
large statistical error bars. However, the inverse slopes of the jet-like partners
and inclusive hadron distributions agree better in central collisions than in
peripheral collisions.
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Fig. 50. Centrality dependence of associated charged hadron yield
(1.7 < pr < 2.5GeV/e) above combinatorial background for trigger baryons
and trigger mesons in the py range 2.5-4.0 GeV/c in a 54° cone around the trigger
particle in Au+Au collisions at /syy = 200GeV. The error bars are statistical
errors and the gray boxes are systematic errors. The dashed line represents an
upper limit of the centrality dependence of the near-side partner yield from thermal
recombination (see text).

We can then make the following general observations:

Trigger (anti)protons and mesons have comparable near-side associated-
particle yields over a broad range in centrality, indicating a significant jet-
like component for both.

There is an indication that the proton partner yield tends to diminish for
the most central collisions, unlike for leading mesons.

Within the limited statistics available for the measurement, the inverse
slopes of the associated particles are similar for both mesons and baryons.
These are harder than for the inclusive spectra.

Trigger particles in Au+Au collisions appear to have more associated par-
ticles than in d+Au collisions. This is true for all centralities aside from the
most peripheral, and except for leading baryons in central collisions.

7.4 Soft Physics

In hadron-hadron reactions, hard scattering followed by fragmentation is con-
sidered to be the dominant process of hadron production with pr > 2 GeV/c
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at mid-rapidity. However, as detailed in section 3, there is strong evidence
for explosive collective motion of particles in the medium. If the mean free
path for particles in the medium is small, then all particles must move with
a common local velocity as described by hydrodynamics. Therefore, heavier
particles receive a larger momentum boost than lighter particles. This effec-
tive shifting of particles to higher ps results in a “shoulder-arm” shape for the
(anti)proton pr spectra, visible in Fig. 49.

7.4.1 Hydrodynamics

Is it possible that this soft hadron production extends to higher py for baryons
than mesons? Hydrodynamic boosting of “soft” physics for heavier particles
into the pr > 2GeV/c offers a natural explanation for the enhanced p/m and
p/m ratios [98].

As seen in Section 3, some hydrodynamical models can describe both the pro-
ton and the pion spectra. Consequently, the p/7 ratio is also reproduced (Fig.
52). Tt is clear that the description of the p/7 ratio is not unique and differ-
ent calculations yield quite different results. Above some p7, hydrodynamics
should fail to describe the data and fragmentation should dominate. Pure hy-
drodynamics predicts that this ratio would continue to increase essentially up
to pr — o0o. However, these particles cannot have a zero mean free path in the
medium. Any finite mean free path and a finite volume will limit the number
of pr “kicks” a particle can receive. For this reason many of the hydrodynamic
calculations are not extended into the pr region 2-5 GeV/c in which we are
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interested.

Hydrodynamic calculations do not specify the quanta that flow; rather they
assume an equation of state. When applied at RHIC, most calculations start
with a quark-gluon-plasma equation of state and transition to a resonance gas.
The mapping of the fluid onto hadrons is somewhat ad hoc, and often uses
the Cooper-Frye freezeout [118], giving the typical hierarchies of momenta one
sees where heavier particles receive a larger boost.
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Fig. 52. p/7 ratios for central (0-10%) Au+Au collisions at \/syy = 200GeV com-
pared to hydrodynamic models [98,99,109-111].

As mentioned previously, this generic feature of a transverse velocity boost
yielding an increase in the baryon to meson ratio relative to proton-proton
reactions is not unique to RHIC as shown in Fig. 47. However, a major differ-
ence between lower-energy results and those at \/syny = 200 GeV is that at
these highest energies there is a significant hard-process contribution. If the
source of the excess baryons is the transport of soft baryons to the intermedi-
ate pr range, then it is purely coincidental that the baryons scale with binary
collisions. More importantly, we should expect a significant decrease in the
jet-like partner yield for baryons relative to mesons. Although there may be a
hint of this for the most central reactions, one expects this decrease to follow
the centrality dependence of the increase in p/7 ratio. Thus, this effect should
already reduce the partner yield by a factor of two in mid-central Au+Au
reactions. This is ruled out by the data.
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7.4.2  Recombination Models

The quark recombination or coalescence model is a different physics frame-
work in which baryons receive a larger pr boost than mesons. These models
were frequently invoked in the 1970’s [227,228] in an attempt to describe the
rapidity distribution of various hadronic species in hadron — hadron reac-
tions. More recently, these models have been applied to describe the forward
charm hadron production in hadron — nucleus reactions at Fermilab [229].
In this case they calculate a significant probability for D meson formation
from a hard-scattering-created charm quark with a light valence quark in the
projectile. The quark coalescence mechanisms have some similarities to light
nuclei coalescence. However, wave functions are relatively well determined for
light nuclei, whereas the hadron wave functions are neither easily described
by partons nor directly calculable from QCD.

Recently, quark recombination has been successfully applied to describe a
number of features of heavy ion collisions [230,231] (Duke model). In this
picture, quarks in a densely populated phase space combine to form the final-
state hadrons. This model uses the simplifying assumption that the mass is
small relative to the momentum giving a prediction largely independent of the
final hadron wave function®. The coalescing parton distribution was assumed
to be exponential, i.e. thermal, and recombination applied for hadrons where
m?/p% << 1. At very high pr particles are assumed to arise from fragmen-
tation of hard partons with a standard power law distribution; the relative
normalization of the thermal source with respect to this process is an impor-
tant external parameter to the model. A crucial component of recombination
models is the assumption that the partons which recombine carry a mass
which is essentially equal to the mass of the dressed constituent quarks?. If
all observables of intermediate pr hadrons can be explained by recombina-
tion of only thermal quarks, this would essentially prove the existence of a
quark-gluon plasma in the early stage of the collisions.

Three essential features are predicted by recombination models. First, baryons
at moderate pr are greatly enhanced relative to mesons as their transverse mo-
mentum is the sum of 3 quarks rather than 2. Recombination dominates over
parton fragmentation in this region, because, for an exponential spectrum re-
combination is a more efficient means of producing particles at a particular
pr. This enhancement should return to its fragmentation values at higher p.
In the intermediate range, all mesons should behave in a similar manner re-

8 The recombination model prediction of these models is independent of the final
hadron wave function with an accuracy of about 20% for protons and 10% for pions
9 The actual source of this mass is under discussion. It may be that the chiral
phase transition is slightly above the deconfinement transition. In this case, the
mass would be from the dressing of the quarks. Another possibility is that the mass
is a thermal mass which happens to be similar to the constituent quark mass.
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gardless of mass, as should all baryons. Secondly, recombination predicts that
the collective flow of the final-state hadrons should follow the collective flow
of their constituent quarks. Finally, recombination causes thermal features to
extend to higher transverse momentum, pr >> T than one might naively
expect since the underlying thermal spectrum of the constituents gets a mul-
tiplication factor of essentially 3 for baryons and 2 for mesons. A last general
feature which is true for the simplest of the models, but may not necessarily be
true for more complex models, is that at intermediate pr, recombination is the
dominant mechanism for the production of hadrons—particularly of baryons.

Other recombination calculations have relaxed the assumptions previously de-
scribed, at the cost of much more dependence on the particular form of the
hadronic wave function used. One such calculation [232,233] (Oregon model)
uses a description of hadronization which assumes that all hadrons—including
those from fragmentation—arise from recombination. Hard partons are al-
lowed to fragment into a shower of partons, which can in turn recombine—
both with other partons in the shower and partons in the thermal background.
Another model [234] (TAMU model) uses a Monte-Carlo method to model the
production of hadrons allowing recombination of hard partons with thermal
partons, and includes particle decays, such as p — 27 which produces low-pr
pions.
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Fig. 53. The proton to pion ratio measured by PHENIX for Au+Au collisions at
VSnvN = 200GeV. Several comparisons to recombination models as mentioned in
the text are shown.

Figure 53 shows several recombination model calculations compared to the p/7
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ratio from PHENIX. The general features at pr > 3 GeV/c are reasonably
reproduced—that is the protons show a strong enhancement at moderate pr
which disappears at pr > 5 GeV/c consistent with the measured h/7m ratio
shown in Fig. 45. The more complicated models do a better job, as one might
expect in the pr < 3 GeV/c region, where the assumptions made by the
Duke model begin to break down. Since the recombination model’s essential
ingredient is the number of constituent quarks in a hadron, the similarity of
Rep for the ¢ and pions is nicely explained.

Figure 54 shows the fraction of hadrons arising from recombination of only
thermal quarks, as a function of pr. For pr between 2.5 and 4 GeV/c the
fraction of protons from recombination is greater than 90% for all impact pa-
rameters, and is essentially 100% for the most central collisions. For pions the
value is between 40 and 80%, depending on the centrality. This is contradicted
by the data in Fig. 50 which clearly shows jet-like correlations for both pions
and protons in mid-central collisions. It should be noted that the yield of par-
ticles associated with baryons in very central collisions appears to decrease,
indicating a possible condition where the simple picture of recombination of
purely thermal quarks may apply.

pt (GeV/c)

Fig. 54. The ratio r(Pr) = R/(R+F) of recombined hadrons to the sum of recom-
bination (R) and fragmentation (F) for pions (solid), K% (dashed) and p (dotted
lines) [231] in Au+Au collisions at /syny = 200GeV. For protons and pions differ-
ent impact parameters b = 0, 7.5 and 12 fm (from top to bottom) are shown. K’
is for b = 0 fm only.
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One can examine the general prediction for the elliptic flow of identified par-
ticles by rescaling both the vy and the transverse momentum by the number
of constituent quarks as shown in Fig. 55. This scaling was first suggested
by Voloshin [235]. Above pr/n of 1 GeV /c (corresponding to 3 GeV/c in the
proton transverse momentum) all particles essentially plateau at a value of
about 0.35 presumably reflecting the elliptic flow of the underlying partons.
Interestingly, even at lower values of the transverse momentum, all particles
also fall on the same curve aside from pions.
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Fig. 55. v9 as a function of transverse momentum for a variety of particles for Au +
Au collisions where both v and py have been scaled by the number of constituent
quarks in the particle. The meson data are shown with filled symbols; 7= + K~
from PHENIX at \/syn = 200GeV [50] (filled circles), charged 7 from STAR
at /sy = 130GeV [95] (filled squares), KU from STAR at /sSyy = 200GeV
[236] (filled triangles), and 7° from PHENIX at \/syny = 200GeV [237] (filled
stars). While the baryons are shown with open symbols; p from PHENIX at
VSNN = 200GeV [50] (open squares), p from STAR at \/syy = 130GeV [95]
(open circles), and A from STAR at \/syy = 200GeV [236] (open triangles).

It is clear from the jet correlations observed that the majority of moderate
pr baryons in peripheral and mid-central collisions cannot arise from a purely
thermal source, as that would dilute the per-trigger partner yield. The jet
structure and collision scaling indicate that at least some of the baryon excess
is jet-like in origin. The relatively short formation time for baryons of such
momenta suggests that allowing recombination of fragmentation partons with
those from the medium may solve the problem and better reproduce the data.
Both the Oregon and TAMU models have mechanisms to do this. However,
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Fig. 56. va/n in the TAMU model, where n is the number of constituent quarks in
a particle for protons and pions. Scaled pion (dashed line) and proton (dotted line)
results from the TAMU model are shown in addition to measurements from the
PHENIX experiment from minimum bias Au+Au reactions at /syy = 200GeV
[50]. This model allows for the recombination of hard partons and soft partons, as
well as the decay of resonances such as the two pion decay of the p meson. One sees
that, at least in this calculation, the addition of processes which mix hard and soft
partons do not destroy the agreement for the model with vy /n which is presumably
a soft process.

such modification of the jet fragmentation function must also modify the ellip-
tic flow, and could break the quark scaling needed to reproduce the observed
vy trends. Hence, the jet structure of hadrons at 2-5 GeV/c pr presents a
challenge to models of the hadron formation.

Figure 56 shows a comparison of the elliptic flow calculated by the TAMU
model [238] with PHENIX data from Au+Au collisions at \/syy = 200GeV.
The model includes the recombination of hard and soft partons, as well as the
decay of resonances such as the p. In this model, at least, the agreement of v
with the data is preserved—in addition a simple explanation is given for the
excess of pion vy at low pr. A similar conclusion in shown in [239]. This would
seemingly attribute all the elliptic flow to the partonic phase leaving no room
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for additional flow to be produced in the later, hadronic stage—which may
be in contradiction to hydrodynamic interpretations of the hadronic state as
demanded by a variety of signatures such as the pr spectra of the protons
and pions (see Section 3). It is clear that a more comprehensive comparison
of observables should be undertaken to check the validity of these models.
Higher-statistics jet studies with different identified particles by PHENIX in
Run-4 will help clarify the situation.

7.5 Hadron Formation Time

In the discussion of the suppression of pions for pr > 2GeV/c, we treat the
pions as resulting from the fragmentation of hard-scattered quarks and gluons.
The explanation of this suppression in terms of partonic energy loss assumes
that the hadronic wave function only becomes coherent outside the medium.
Protons have a different hadronic structure and larger mass, and so may have
a different, shorter time scale for coherence.

Following [214], we can estimate the formation time for the different mass
hadrons at moderate pr in two different ways. According to the uncertainty
principle, the formation time in the rest frame of the hadron can be related
to the hadron size, Ry,. In the laboratory frame, the hadron formation time is
then given by

)
Ty = Rhm—}; (33>

where Ry, is taken to be 0.5-1 fm. For a 10 GeV /c pion, this gives a formation
time of 3570 fm/c. For the pr =2.5 GeV/c pions considered in this section,
the formation time is 9-18 fm/c, well outside the collision region. However for
pr =2.5 GeV/c protons, the corresponding formation time is only 2.7 fm/c
in the vacuum, suggesting the possibility that the hadronization process may
begin inside the medium. However the formation of such heavy particles would
presumably be delayed in a deconfined medium until the entire system began
to hadronize.

If quarks and antiquarks from gluon splitting are assumed to combine into
dipole color singlets leading to the final hadrons, the formation time may be
estimated from the gluon emission time. Then the formation time for a hadron
carrying a fraction z of the parton energy is given by

N QEh(l — Z)

= . 34
K= (34
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If z is 0.6-0.8 and kr ~ Agep, proton formation times in the range of 1-4
fm result [214]. Such values again imply formation of the proton within the
medium. Thus, it is possible that differing (and perhaps complicated) inter-
actions with the medium may produce different scalings of proton and pion
production and result in modified fragmentation functions in Au+Au colli-
sions. However, most expectations are that this should lead to greater sup-
pression rather than less. In fact, modified fragmentation functions measured
in electron deep-inelastic scattering on nuclei by the HERMES experiment are
often interpreted in terms of additional suppression for hadrons forming in the
nuclear material.

7.6 Hard-Scattering Physics

If the dominant source of (anti)protons at intermediate pr is not soft physics, is
the explanation a medium-modified hard-process source? The near-side part-
ner yields indicate that a significant fraction of the baryons have jet-like part-
ners. However, in the parton energy loss scenario as described in Section 6,
hard-scattered partons lose energy in medium prior to hadronization. Thus
one would expect the same suppression for baryons and mesons. Furthermore,
we know that the (anti)protons are as suppressed above pr = 5GeV/c in a
manner similar to pions . Hence for this explanation to be correct, there must
exist a mechanism by which only partons leading to baryons between 2 and 5
GeV/c in pr escape suppression.

Another key piece of information is that the elliptic flow v, for protons is large
for pr in the range 2-4 GeV/c. At low pr this collective motion is attributed to
different pressure gradients along and perpendicular to the impact parameter
direction in semi-central collisions. At higher pr it has been hypothesized that
one could observe a v, due to smaller partonic energy loss for partons traveling
along the impact parameter direction (shorter path in the medium) as opposed
to larger partonic energy loss in the perpendicular direction (larger path in the
medium). However, the data suggest that the pions have a large energy loss (a
factor of five suppression in central Au+Au reactions) , while the protons do
not. In this case one might expect that if the source of proton vy were energy
loss, then proton vy would be significantly less than the v, for the pions. In
fact, the opposite is experimentally observed: for pr > 2 GeV/c, the proton
Vo is always larger than the pion vs.

The contradictions the data create for both the “soft”- and “hard”-physics ex-
planations may indicate that the correct physics involves an interplay between
the two.
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7.7 Conclusions

The anomalous enhancement of (anti)protons relative to pions at intermedi-
ate pr = 2-5 GeV remains a puzzle. At lower transverse momentum particle
production is a long-wavelength “soft” process and the transport of these
hadrons and their precursor partons is reasonably described by hydrodynam-
ics. As observed at lower energies, soft particles emitted from an expanding
system receive a collective velocity boost to higher pr resulting in an enhanced
p/m and /7 ratio relative to proton-proton reactions at the same energy. We
observe a similar phenomena at RHIC, for which the (anti) proton spectra and
vy are roughly described in some hydrodynamic models up to approximately
2 GeV/c. Another class of calculations, referred to as recombination models,
also boosts soft physics to higher pr by coalescence of “dressed” partons. In
the hydrodynamic models the quanta which are flowing are initially partons
and then hadrons. The recombination models describe comoving valence par-
tons which coalesce into hadrons, and do not reinteract. These two points of
view may not be entirely contradictory, since both include a flowing partonic
phase. If fact, it may be that the recombination models provide a mechanism
by which hydrodynamics works to a much higher pr than one might expect.
The simplifying assumption of hadrons which do not interact is most probably
an oversimplification and further refinement of the models will include this,
though it may be that the hadronic phase will not modify the spectra as much
as the hydrodynamic models might predict.

In both models, the (anti)proton enhancement as a function of centrality can
be tuned to reproduce the apparent binary collision scaling observed in the
data. An important distinction between the two is that in one case this en-
hancement is mass dependent and in the other it comes from the combination
of quark momenta and thus distinguishes between baryons and mesons .
Rep for the ¢ is similar to other mesons despite the fact that they are more
massive than protons. This scaling with quark content, as opposed to mass,

favors recombination models.

Further investigations into these intermediate py baryons reveals a near-angle
correlation between particles, in a fashion characteristic of jet fragmentation.
The near-angle associated particle yield increases by almost a factor of two in
going from proton-proton and deuteron-gold reactions to gold-gold peripheral
collisions. In addition, the partner yield is similar for trigger pions and protons,
except in the most central gold-gold reactions. This appears to indicate a hard
process source for a significant fraction of these baryons in contrast to the

10°A caveat to this fact is that in the recombination models, it is the constituent-
quark mass that is important, thereby giving a slightly larger mass to the strange
quark.
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previous mentioned physics scenarios. Quantifying the precise contribution is
an important goal for future measurements.

The large (anti) baryon to pion excess relative to expectations from parton
fragmentation functions at intermediate pr = 2 — 5 GeV/c remains one of
the most striking unpredicted experimental observations at RHIC. The data
clearly indicate a new mechanism other than universal parton fragmentation as
the dominant source of baryons and anti-baryons at intermediate pr in heavy
ion collisions. The boosting of soft physics, that dominates hadron production
at low pr, to higher transverse momentum has been explored with the con-
text of hydrodynamic and recombination models. However, investigations into
these intermediate pr baryons reveals a near-angle correlation between parti-
cles, in a fashion characteristic of jet fragmentation. If instead these baryons
have a partonic hard scattering followed by fragmentation source, this frag-
mentation process must be significantly modified. It is truly remarkable that
these baryons have a large vy (typically 20%) indicative of strong collective
motion and also a large “jet-like” near-side partner yield. At present, no the-
oretical framework provides a complete understanding of hadron formation in
the intermediate pr region.

8 FUTURE MEASUREMENTS

The previous sections have documented the breadth and depth of the PHENIX
data from the first three years of RHIC operations, along with the physics
implications of those results. Here we describe those measurements required
to further define and characterize the state of matter formed at RHIC. In
particular, we note that the study of penetrating probes, which are the most
sensitive tools in this endeavor, is just beginning. The PHENIX experiment
was specifically designed to address these probes with capabilities that are
unique within the RHIC program and unprecedented in the field of relativistic
heavy ion physics.

One can distinguish two broad classes of penetrating probes:

(1) Hard probes created at the very early stage of the collision which propa-
gate through, and could be modified by, the medium. These are the QCD
hard-scattering probes and the main observables are high-p; particles
coming from the fragmentation of jets, hidden charm (.J/ production),
open charm and eventually also bottom quark and T production.

(2) Electromagnetic probes (either real or virtual photons) which are created
by the medium. Due to their large mean free path these probes can leave
the medium without final-state interaction thus carrying direct informa-
tion about the medium’s conditions and properties. The main observables
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here are low-mass eTe™ pairs and the thermal radiation of the medium.

By their very nature, penetrating probes are also rare probes and consequently
depend on the development of large values of the integrated luminosity. In
the present data set the reach for high-p; particles in PHENIX extends to
roughly 10 GeV /c, and lower-cross-section measurements such as charmonium
are severely limited. The dramatic improvement of the machine performance
in the year 2004 run provides confidence that both this data set and those
from future RHIC runs will dramatically extend our reach in the rare probes
sector.

As part of a decadal planning of the RHIC operation, PHENIX has prepared
a comprehensive document that outlines in great detail its scientific goals and
priorities for the next 10 years together with the associated detector upgrade
program needed to achieve them. The decadal plan [240] is centered around
the systematic study of the penetrating probes listed above. The program
is broad and can accommodate additions or modifications provided that a
compelling physics case can be made. Measurements are mainly planned in
Au+Au collisions at the full RHIC energy but they will be supplemented by
other measurements varying the energy and/or the species and by the neces-
sary reference measurements of p + p and p + A collisions. A short summary
is given below.

8.1 High-pr Suppression and Jet Physics

The most exciting results to date at RHIC are the discovery of high-p7 suppres-
sion of mesons, interpreted in terms of energy loss of quarks in a high-density
medium, and the nonsuppression of baryons or equivalently, the anomalously
high p/7 ratio which still awaits a clear explanation. These two topics were
extensively discussed in Sections 6 and 7, respectively.

The data collected so far are superb. However, they suffer from limited reach in
transverse momentum, limited particle identification capabilities and limited
statistics in particular for detailed studies of jet correlations. PHENIX has
a program for further studies of the high-pr-suppression phenomena and jet
physics which aims at overcoming these limitations.

It will be necessary to trace the suppression pattern to much higher pr to
determine whether (and if so, when) the suppression disappears and normal
perturbative QCD behavior sets in. High-luminosity runs will be needed, with
at least a factor of 50 more statistics. PHENIX is particularly able to per-
form these measurements with its excellent capability of triggering on high-

momentum 7°’s.
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PHENIX has performed several particle correlation analyses and has demon-
strated that the experiment’s aperture at mid-rapidity is sufficient to conduct
these studies. Currently, these analyses are limited by the available statistics.
Again, increasing the data sample by a factor of 50-100 will allow a variety of
correlation studies using trigger particles with much-higher-momentum than
studied to date. A particularly interesting case is the study of high-momentum
~-jet correlations, which have vastly reduced trigger bias, since the trigger pho-
tons propagate through the medium with a very long mean free path.

To further elucidate the baryon puzzle, additional data is required with better
separation between baryons and mesons. An upgrade consisting of an aerogel
Cerenkov counter and a high-resolution TOF detector is expected to be com-
pleted in time for the year 2006. A portion of this aerogel counter was already
installed prior of the year 2004 run and performed according to expectations.
Once completed, this high-pr detector will allow identification of m, K/p to
beyond 8 GeV/c in pr.

8.2 J/v Production

Suppression of heavy quarkonia is one of the earliest and most striking pro-
posed signatures of deconfinement. The suppression mechanism follows di-
rectly from the Debye screening expected in the medium, which reduces the
range of the potential between charm quark and anti-quark pairs [241]. The
NA38 and NA50 experiments have carried out a systematic study of J/v¢ and
1" at the CERN-SPS in p + p, p + A, light ion, and Pb+Pb collisions provid-
ing some of the most intriguing results of the relativistic heavy ion program
for more than ten years. The NA50 experiment observed an anomalous sup-
pression of J/v in central Pb+Pb collisions at /syn=17.2 GeV [242]. The
suppression, which is of the order of 25% with respect to the normal suppres-
sion in nuclear matter, has been interpreted by the NA50 authors as evidence
for deconfinement of quarks and gluons. Although this interpretation is not
universally shared [243,244], the results of NA38 and NA50 demonstrate the
utility and great interest in understanding the fate of charmonium in dense
nuclear matter.

The theoretical expectations at RHIC energies are not at all clear. They range
from total suppression in the traditional Debye screening scenario to enhance-
ment in coalescence models [245-247] and in statistical hadronization models
[248,249], of ¢ and € quarks. Although some versions of the coalescence model
seem disfavored from our very limited data set [51], a more conclusive state-
ment on these models has to await the much larger data set of the year 2004
run.
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PHENIX has unprecedented capabilities for the study of the J/1 in Au+Au
collisions. The J/1 can be measured via its pu*pu~ decay channel at forward
and backward rapidities in the muon spectrometers and via its ete™ decay
channel at mid-rapidity in the central arm spectrometers. From the recorded
luminosity of the year 2004 run, we expect several thousand and ~500 J/v in
the muon and central arms, respectively. This data set will allow us a first look
at the J/v production pattern at RHIC. However, it could well be marginal
for a complete characterization as a function of centrality and pr, so that it is
likely that further higher-luminosity runs will be required. Also the p + p and
d+Au baseline measurements performed in the year 2001 — 2003 runs have
large statistical uncertainties, and higher-statistics versions for these colliding
species will be needed. A high-luminosity p+ p run is planned in the year 2005
and high-luminosity d 4+ A or p+ A are still to be scheduled in the next years.

8.3 Charm Production

Charm quarks are expected to be produced in the initial hard collisions be-
tween the incoming partons. The dominant mechanism is gluon fusion and
thus the production cross section is sensitive to the gluon density in the initial
state. The c¢ production cross section is sizable at RHIC energies with a few c¢
pairs and therefore several open charm mesons per unit of rapidity in central
Au+Au collisions. As a result, charm observables become readily accessible at
RHIC and offer additional and extraordinarily valuable diagnostic tools. For
example, it is vitally important to perform measurements of charm flow and
to determine the energy loss of charm quarks in the medium. Such measure-
ments will determine if the bulk dynamics observed for light quarks extend to
charm quarks, which could in fact have very different behavior due to their
much larger mass. Again the potential of PHENIX in this domain is unique
with its capability of measuring open charm in a broad rapidity range, in the
central and muon arms, via both the electron and muon decay channels. An
additional unique feature is the possibility to measure correlated semileptonic
charm decays by detecting e — u coincidences from correlated DD decays.
Such a measurement is particularly interesting for the study of charm-quark
energy loss which may differ significantly from that observed for lighter quarks
[250-252]. A first study of e — u coincidences should be feasible with the year
2004 data.

To date PHENIX has measured charm production cross section in an indirect
way through high-pr single electrons [42] assuming that all electrons (after
measuring and subtracting the contributions from light hadrons and photon
conversions) originate from the semileptonic decays of charm quarks. Although
the charm cross section has large uncertainties, the centrality dependence of
the charm rapidity density demonstrates that charm production follows binary
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scaling as shown in Fig. 34. Improvements and additional information are
expected from the much higher statistic of the year 2004 data.

A qualitatively new advance for PHENIX in the charm and also the beauty
sector will be provided by the implementation of the silicon vertex detector.
An upgrade project is underway to install in the next five years a silicon
vertex tracker, including a central arm barrel and two end caps in front of the
two muon spectrometers. The vertex tracker will allow us to resolve displaced
vertices and therefore to directly identify open charm mesons via hadronic,
e.g. D — K, as well as semi-leptonic decays. The heavy-quark physics topics
accessible with the vertex tracker include production cross section and energy
loss of open charm and open beauty, and spectroscopy of charmonium and
bottomonium states, each of which should provide incisive new details on the
properties of the created medium.

8.4 Low-Mass Dileptons

Low-mass dileptons are considered the most sensitive probe of chiral symmetry
restoration primarily through p meson decays. Due to its very short lifetime
(1 = 1.3 fm/c) compared to that of the typical fireball of ~ 10 fm/c, most
of the p mesons decay inside the medium providing an unique tool to observe
in-medium modifications of its properties (mass and/or width) which could be
linked to chiral symmetry restoration. The situation is somewhat different but
still interesting for the w and ¢ mesons. Because of their much longer lifetimes
(7 =23 fm/c and 46 fm/c for the w and ¢, respectively ) they predominantly
decay outside the medium, after regaining their vacuum properties, with only
a small fraction decaying inside the medium. Since the measurement integrates
over the history of the collision, this may result in a small modification of the
line shape of these two mesons which PHENIX might be able to observe with
its excellent mass resolution. PHENIX also has the unprecedented capability
of simultaneously measuring within the same apparatus the ¢ meson decay
through ete™ and KK~ channels. The comparison of the branching ratios to
these two channels provides a very sensitive tool for in-medium modifications
of the ¢ and K mesons.

The CERES experiment at CERN has confirmed the unique physics poten-
tial of low-mass dileptons [253-255]. An enhancement of electron pairs was
observed in the mass region m = 0.2-0.6 GeV/c? in Pb+Au collisions at
Vsnn=17.2 GeV with respect to p + p collisions. The results have triggered
a wealth of theoretical activity and can be explained by models which invoke
in-medium modification of the p meson (dropping of its mass and/or broad-
ening of its width) [256]. The precision of the CERES data has been so far
insufficient to distinguish between the different models. Results with higher
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statistics and better mass resolution are expected from the NA60 experiment
that is studying the production of low-mass dimuons in In+In collisions [257].
Theoretical calculations [258] show that the enhancement should persist at
RHIC energies and that PHENIX with its excellent mass resolution has an
unique opportunity to do precise spectroscopy of the light vector mesons and
to shed more light on the origin of the enhancement of the low-mass-pair
continuum.

The measurement of low-mass electron pairs is however a very challenging
one. The main difficulty stems from the huge combinatorial background cre-
ated by the pairing of et and e~ tracks from unrecognized 7° Dalitz decays
and ~ conversions. PHENIX is developing a novel Cerenkov detector that, in
combination with the recently installed coil which makes the magnetic field
zero close to the beam axis, will effectively reduce this combinatorial back-
ground by almost two orders of magnitude [259]. The detector, operated in
pure CFy, consists of a 50-cm-long radiator directly coupled, in a windowless
configuration, to a triple GEM detector which has a Csl photocathode evap-
orated on the top face of the first GEM foil and pad read out at the bottom
of the GEM stack [260]. The R&D phase to demonstrate the validity of the
concept is nearing completion. The detector construction phase is starting
now with installation foreseen in time for the year 2006 — 2007. With this
detector PHENIX will have the unprecedented ability to perform high-quality
measurements over the whole dilepton mass range from the 7% Dalitz decay
up to the charmonium states.

8.5 Thermal Radiation

A prominent topic of interest in the field of relativistic heavy-ion collisions
is the identification of the thermal radiation emitted by the system and in
particular the thermal radiation emitted by the quark-gluon plasma via ¢g
annihilation. Such radiation is a direct fingerprint of the matter formed and
is regarded as a very strong signal of deconfinement. Its spectral shape should
provide a direct measurement of the plasma temperature.

In principle the thermal radiation can be studied through real photons or
dileptons, since real and virtual photons carry basically the same physics mes-
sage. In practice the measurements are extremely challenging. The thermal
radiation is expected to be a small signal compared to the large background
from competing processes, hadron decays for real photons and Dalitz decays
and v conversions for dileptons, the former being larger by orders of mag-
nitude compared to the latter. But in both cases, a very precise knowledge
of all these sources is an absolutely necessary prerequisite. After subtracting
these sources, one still needs to disentangle other contributions which might be
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comparable or even stronger, mainly the contributions of initial hard-parton
scattering to direct photons and of semileptonic decays of charm mesons to
dileptons.

Theoretical calculations have singled out the dilepton mass range m = 1-
3 GeV/c? as the most appropriate window where the QGP radiation could
dominate over other contributions [261,262]. Measurements in this interme-
diate mass range carried out at the CERN SPS by HELIOS and NA50 have
revealed an excess of dileptons, but this excess could be explained by hadronic
contributions [263].

There is no conclusive evidence for QGP thermal photons from the CERN
experiments (for a recent review see [264]). From the theoretical point of view
it is clear that in the low-pp region (pr < 2 GeV/c) the real photon spectrum
is dominated by hadronic sources and the thermal radiation from the hadron
gas. It is only in the high-pr region where one might have a chance to observe
the thermal radiation from the QGP.

Preliminary PHENIX results show evidence for direct real photons at py > 4
GeV/c from the initial hard scatterings. The errors are relatively large leaving
room for a comparable contribution of thermal photons. The high statistics of
the year 2004 run will provide the first real opportunity to search for the QGP
thermal radiation in PHENIX both in the dilepton and real photon channels.
However, the search for this elusive signal might take some time as it will
probably require equally-high-statistics runs of reference data in p + p and
p—+ A collisions for a precise mapping of all the other contributions (hadronic
+ pQCD for real photons and hadronic + charm for dileptons).

9 SUMMARY AND CONCLUSIONS

The PHENIX data set from the first three years of RHIC operation provides an
extensive set of measurements, from global variables to hadron spectra to high-
pr physics to heavy-flavor production. From this rich menu we have reviewed
those aspects of the present data that address the broad features of the matter
created in Au+Au collisions at RHIC, namely, energy and number density,
thermalization, critical behavior, hadronization, and possible deconfinement.

We first investigated whether the transverse energy and multiplicity measure-
ments of PHENIX demonstrate that a state of high-energy-density matter is
formed in Au+Au collision at RHIC. We estimated from our dEr/dn measure-
ment that the peak energy density in the form of created secondary particles
is at least 15 GeV/fm?. If we use a thermalization time of 1 fm/c provided by
the hydrodynamic models from the elliptic flow, then the value of the energy
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density of the first thermalized state would be in excess of 5 GeV /fm3. These
values are well in excess of the ~1 GeV/fm? obtained in lattice QCD as the
energy density needed to form a deconfined phase. Naive expectations prior
to RHIC turn-on that dEr/dn and dN.,/dn could be factorized into a “soft”
and a pQCD jet component are not supported by the data. Results from a
new class of models featuring initial-state gluon saturation compare well with
RHIC multiplicity and Er data.

We then examined our data and various theoretical models to investigate the
degree to which the matter formed at RHIC appears to be thermalized. The
measured yields and spectra of hadrons are consistent with thermal emission
from a strongly expanding source, and the observed strangeness production
is consistent with predictions based on complete chemical equilibrium. The
scaling of the strength of the elliptic flow v, with eccentricity shows that a
high degree of collectivity is built up at a very early stage of the collision.
The hydro models which include both hadronic and QGP phases reproduce
the qualitative features of the measured vy(pr) of pions, kaons, and protons.
These hydro models require early thermalization (7, < 1 fm/c) and high
initial energy density e > 10 GeV /fm3. These points of agreement, between the
data and the hydrodynamic and thermal models can be interpreted as strong
evidence for formation of high-density matter that thermalizes very rapidly.

However several of the hydro models fail to reproduce the vy(pr) of pions, pro-
tons, and spectra of pions and protons simultaneously. Given this disagreement
it is not yet possible to make an unequivocal statement regarding the pres-
ence of a QGP phase based on comparisons to hydrodynamic calculations.
The experimentally measured HBT source parameters, especially the small
value of Riyne and the ratio Roui/Rsiqe &~ 1, are not reproduced by the hy-
drodynamic calculations. Hence we currently do not have a consistent picture
of the space-time dynamics of reactions at RHIC as revealed by spectra, vy
and HBT. These inconsistencies prevent us from drawing firm conclusions on
properties of the matter such as the equation of state and the presence of a
mixed phase.

Critical behavior near the phase boundary can produce nonstatistical fluc-
tuations in observables such as the net-charge distribution and the average
transverse momentum. Our search for charge fluctuations has ruled out the
most naive model of charge fluctuations in a QGP, but it is unclear if the
charge fluctuation signature can survive hadronization. Our measurement of
(pr) fluctuations is consistent with the effect expected of high-pr jets, and it
gives a severe constraint on the fluctuations that were expected for a sharp
phase transition.

Many of these observables—for instance, large dE'/dn and d N, /dn, strangeness
enhancement, strong radial flow, and elliptic flow—have been observed in
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heavy ion collisions at lower energies. We have found smooth changes in these
observables as a function of /sy from AGS energies to SPS energies to RHIC
energy. The dEr/dn increases by about 100% and the strength of the elliptic
flow increase by about 50% from SPS to RHIC. The strangeness suppression
factor v, and the radial expansion velocity (fr) vary smoothly from AGS to
RHIC energies. No sudden change with collision energy has been observed.

The strong suppression of high-pr particle production at RHIC is a unique phe-
nomenon that has not been previously observed. Measurements of two-hadron
azimuthal-angle correlations at high p7 and the z7 scaling in Au+Au collisions
confirm the dominant role of hard scattering and subsequent jet fragmenta-
tion in the production of high-pr hadrons. Measurements in deuteron-gold
collisions demonstrate that any initial-state modification of nuclear parton
distributions causes little or no suppression of hadron production for pr > 2
GeV/c at mid-rapidity. This conclusion is further strengthened by the observed
binary scaling of direct photon and open charm yields in Au+Au. Combined
together, these observations provide direct evidence that Au+Au collisions at
RHIC have produced matter at extreme densities.

Medium-induced energy loss, predominantly via gluon bremsstrahlung emis-
sion, is the only currently known physical mechanism that can fully explain
the magnitude of the observed high-pr suppression. The approximately flat
suppression factor Ra4(pr) observed in the data, which was predicted by the
GLV energy loss model, rules out the simplest energy loss models which pre-
dicted a constant energy loss per unit length. However, the model by Wang
et al. obtains the same flat R4(pr) from apparently different physics. From
the GLV model, the initial gluon number density, dn,/dy ~ 1000 and initial
energy density, gy & 15GeV /fm?, have been obtained. These values are consis-
tent with the energy density obtained from our dFEr/dn measurement as well
as ones from the hydro models.

The large (anti)baryon to pion excess relative to expectations from parton
fragmentation functions at intermediate pr (2 — 5 GeV/c) is both an un-
predicted and one of the most striking experimental observation at RHIC.
The data clearly indicates that a mechanism other than universal parton frag-
mentation is the dominant source of (anti-)baryons in the intermediate pr
range in heavy ion collisions. The boosting of soft physics to higher trans-
verse momentum has been explored within the context of hydrodynamics and
recombination models. Hydrodynamic models can readily explain the baryon
to meson ratio as a consequence of strong radial flow, but these models have
difficulties reproducing the difference in v, between protons and mesons above
2 GeV/c. Recombination models provide a natural explanation for the large
baryon to meson ratio as well as the apparent quark-number scaling of the
elliptic flow. However, investigations into these intermediate py baryons re-
veal a near-angle correlation between particles, in a fashion characteristic of
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jet fragmentation. If instead these baryons have a partonic hard scattering
followed by fragmentation, this fragmentation process must be significantly
modified. It is truly remarkable that these baryons have a large vy of ~ 20 %
typically indicative of strong collective motion and also a large jet-like near-
side partner yield. At present, no model provides a complete understanding of
hadron formation in the intermediate pr regime.

The initial operation of RHIC has produced the impressive quantity of signifi-
cant results described above. These striking findings call for additional efforts
to define, clarify and characterize the state of matter formed at RHIC. Further
study of the collisions using hard probes such as high-p7 particles, open charm,
and J/v, and electromagnetic probes such as direct photons, thermal photons,
thermal dileptons, and low-mass lepton pairs are particularly important. The
utilization of these penetrating probes is just beginning, and we expect these
crucial measurements based on the very-high-statistics data of the year 2004
run will provide essential results towards understanding of the dense matter
created at RHIC.

Advances in the theoretical understanding of relativistic heavy ion collisions
is vital for the quantitative study of the dense matter formed at RHIC. While
there is rapid and significant progress in this area, a coherent and consistent
picture of heavy ion collisions at RHIC, from the initial formation of the
dense matter to the thermalization of the system to the hadronization to
the freezeout, remains elusive. With such a consistent model, it will become
possible to draw definitive conclusions on the nature of the matter and to
quantitatively determine its properties. The comprehensive data sets from
global variables to penetrating probes provided by PHENIX at present and
in the future will prove essential in constructing and constraining a consistent

model of heavy ion collisions to determine the precise nature of the matter
created at RHIC.

In conclusion, there is compelling experimental evidence that heavy-ion col-
lisions at RHIC produce a state of matter characterized by very high energy
densities, density of unscreened color charges ten times that of a nucleon,
large cross sections for the interaction between strongly interacting particles,
strong collective flow, and early thermalization. Measurements indicate that
this matter modifies jet fragmentation and has opacity that is too large to
be explained by any known hadronic processes. This state of matter is not
describable in terms of ordinary color-neutral hadrons, because there is no
known self-consistent theory of matter composed of ordinary hadrons at the
measured densities. The most economical description is in terms of the under-
lying quark and gluon degrees of freedom. Models taking this approach have
scored impressive successes in explaining many, but not all, of the striking fea-
tures measured to date. There is not yet irrefutable evidence that this state of
matter is characterized by quark deconfinement or chiral symmetry restora-
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tion, which would be a direct indication of quark-gluon plasma formation. The
anticipated program of additional incisive experimental measurements com-
bined with continued refinement of the theoretical description is needed to
achieve a complete understanding of the state of matter created at RHIC.
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Abstract

This paper describes the conclusions that can be drawn from the data taken thus
far with the PHOBOS detector at RHIC. In the most central Au+Au collisions at
the highest beam energy, evidence is found for the formation of a very high energy
density system whose description in terms of simple hadronic degrees of freedom
is inappropriate. Furthermore, the constituents of this novel system are found to
undergo a significant level of interaction. The properties of particle production at
RHIC energies are shown to follow a number of simple scaling behaviors, some of
which continue trends found at lower energies or in simpler systems. As a function
of centrality, the total number of charged particles scales with the number of partic-
ipating nucleons. When comparing Au+Au at different centralities, the dependence
of the yield on the number of participants at higher p,, (~4 GeV/c) is very simi-
lar to that at low transverse momentum. The measured values of charged particle
pseudorapidity density and elliptic flow were found to be independent of energy over
a broad range of pseudorapidities when effectively viewed in the rest frame of one
of the colliding nuclei, a property we describe as “extended longitudinal scaling”.
Finally, the centrality and energy dependences of several observables were found to
factorize to a surprising degree.

Key words:
PACS: 25.75.-q

1 Introduction

Currently, there exists a good understanding of the basic building blocks of
normal matter, and of the fundamental forces or interactions between them.
The bulk of hadronic matter is comprised of partons (quarks and gluons)
bound into neutrons, protons, and subsequently nuclei by the strong force me-
diated by the field quanta, the gluons. The fundamental interactions between
these partons are described by the theory of quantum chromodynamics (QCD)
[1] and are reasonably well understood. However, because of the strength and
non-Abelian nature of the interactions, finding solutions to the QCD equa-
tions remains notoriously difficult. As a result, the current understanding of
the phase structure of strongly interacting matter (what phases exist, what
are the properties of the matter in each phase, and what is the nature of the
transitions between phases) is only partly based on theoretical QCD calcu-
lations. Instead, it is driven, to a large extent, by experiment. Among many
examples of the significance of the properties of QCD “matter” is the fact
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that more than 98% of the mass of all normal hadronic matter in the universe
arises from the interactions (i.e. the gluons and the sea quarks), not from the
(current) mass of the valence quarks in the hadrons [2]. This mass is gener-
ated predominantly by the lower energy interactions which are most difficult
to study quantitatively. Areas of impact outside nuclear physics include the
evolution of the early universe, as well as the overall properties and interior
structure of compact stars and stellar remnants. Both theory and experiment
suggest the existence of a very rich “condensed matter” governed by QCD.

At very short distances (<hadronic sizes) the QCD coupling constant between
partons is weak and decreases as the distance between the partons decreases, a
phenomenon known as “asymptotic freedom” [3-5]. An expected consequence
of asymptotic freedom is that a system created by heating the vacuum to
high temperatures should have the properties of an almost ideal relativis-
tic gas in which color is deconfined (first pointed out by [6] using the term
“quark soup”, see also [7-9]). The high temperature of this medium entails an
extremely high concentration of partons, whose thermodynamics follows the
Stefan-Boltzmann law. Such a system has traditionally been designated the
Quark-Gluon Plasma (QGP), a term proposed in [7]. To specifically recognize
its ideal, weakly interacting nature, we use the term wQGP. The current con-
sensus is that the whole universe was in the wQGP state at an early stage
following the big bang.

At another extreme, it is known that the only stable configuration of strongly
interacting matter at low temperatures and densities is the multitude of va-
rieties of color neutral objects, namely the hadrons, as well as conglomerates
of hadrons such as atomic nuclei. In addition, the QCD Lagrangian (and the
wQGP solution of that Lagrangian) is understood to have a higher symmetry
than the observed hadron states. The solutions of QCD at temperatures and
densities which correspond to normal matter, i.e. the world of hadrons and
nuclei, spontaneously break this so-called “chiral symmetry” (see, for exam-
ple, [10-12]). The questions of what forms and phases of QCD matter exist
between the two extremes and what symmetries, properties, and interactions
characterize these phases, are currently the subject of very active theoretical
and experimental research (see, for example, [13]).

On both the experimental and the theoretical fronts, there are very few tools
available for the study of QCD matter as a function of density and temper-
ature. To date, the most fruitful approach to the theoretical study of high
temperature QCD has been the use of numerical calculations based on the
techniques of lattice gauge theory. These calculations suggest that at low
baryon densities there is a phase difference in QCD matter below and above
a critical temperature T, ~150-200 MeV or energy density ~1 GeV/fm? (see,
for example, [14], which quotes a T, of 175 MeV and an energy density of
700 MeV /fm®+50%). At another extreme, theoretical progress has been made
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in recent years in the understanding of cold, ultra-dense, QCD matter which
must be in some color superconducting state [15-17]. For example, there are
indications that a dense, cold system of equal numbers of u, d and s quarks
can form a “color-flavor locked” superconducting phase. This regime is cur-
rently out of range of experimentation using accelerators, but such phenomena
might be manifested in the dense cores of neutron stars and, therefore, might
be open to study through astronomical observation. The possible connection
of QCD and neutron stars has a long history (see, for example, [18,19]).

The most useful experimental approach in the area of high temperature QCD
matter is the detailed analysis of heavy ion collisions. In fact, the suggestion of
the use of heavy ion collisions to create high density states of matter predates
the full development of QCD [20]. The value of ~1 GeV/fm? is not much
higher than the energy density inside nucleons (~500 MeV/fm3) and nuclei
(~150 MeV /fm?), and it is also comparable to estimates of the initial energy
density created in hadronic collisions at high energy accelerators. In heavy ion
collisions at relativistic velocities, there is both compression of the baryonic
matter in the nuclei and also the release of a large amount of energy within
a small volume from the almost simultaneous collisions of many nucleons.
One or the other, or both, of these consequences of the interactions have the
potential to produce new forms or phases of QCD matter. This is one of the
prime reasons why in the past few decades much effort has been spent studying
collisions of heavy ions at higher and higher energies. Extensive information
can be found in the proceedings of the Quark Matter series of conferences
[21] and in recent reviews [22-25]. The conditions created may be similar
to those of the early universe at about 10 usec after the big bang. Another
important aspect of such studies is the extraction of valuable information
about the mechanisms of particle production in small and large systems at
high energies.

The most recent experimental facility for the study of heavy ion collisions is the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory.
Since the inception of the physics program in July, 2000, four experiments
at RHIC, namely BRAHMS, PHENIX, PHOBOS, and STAR, have studied
collisions of p+p, d4+Au, and Au+Au at center-of-mass collision energies per
incident nucleon pair, /s, from 19.6 to 200 GeV. Note that, for technical
reasons discussed in Appendix B.1, /s, for d+Au was actually larger by
about 0.35% but, for simplicity, this tiny difference is omitted in the text and
figure labels of this document. Data from all four detectors are being studied
to get a better understanding of the physics of heavy ion collisions, and, in
particular, to search for evidence of the creation of new forms of QCD matter
[26]. To the best of our knowledge, where there is overlap, there are no major
differences in the data and extracted results obtained by the four experiments
at RHIC. The level of agreement is a testament to the quality of the detectors
and the analyses performed by the collaborations and is a great strength of
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the whole RHIC research program. This paper summarizes the most important
results obtained to date by the PHOBOS collaboration and the conclusions
that can be drawn from PHOBOS results, augmented where necessary by data
from other experiments.

One of the most important discoveries at RHIC is the evidence that, in central
Au+Au collisions at ultra-relativistic energies, an extremely high energy den-
sity system is created, whose description in terms of simple hadronic degrees
of freedom is inappropriate. Furthermore, the constituents of this system ex-
perience a significant level of interaction with each other inside the medium.
These conclusions are based on very general and, to a large extent, model
independent arguments.

It is not claimed that the observed phenomena are unique to RHIC energies.
Nor is it claimed that there is direct evidence in the data analyzed so far for
color deconfinement or chiral symmetry restoration. It should be noted that
interpretations of the data which invoke a high density of gluons or other non-
hadronic components are certainly consistent with, and could be construed
to provide at least circumstantial evidence for, deconfinement. Also, the def-
inition of the concept of deconfinement is not so clear when the particles in
the medium interact significantly. No convincing evidence has been found for
the creation at RHIC of the wQGP, in contrast to the expectations of a large
part of the heavy ion community in the era before the start of the RHIC
physics program. This expectation may have partly resulted from a misinter-
pretation of the lattice results. The calculations reveal that the pressure and
energy density reach 70-80% of the Stefan-Boltzmann value (i.e. the value for
a non-interacting gas) for temperatures above the critical temperature (see,
as one recent example, [27]). This observation was typically assumed to imply
the presence of a weakly interacting system although questions were occasion-
ally raised (for one early example, see [28]). More recently, this conclusion
has been seriously challenged (see, for example, [29,30]). As an aside, some
string theory models which have been shown to be related to QCD can be
solved exactly in the strong-coupling limit and yield a result comparable to
~T75% of the Stefan-Boltzmann value [31,32]. This recent reversal of opinion
was to a large degree driven by the experimental results from RHIC. Recent
lattice QCD studies have shown that the quarks do retain a degree of corre-
lation above the critical temperature (see, for example, [33,34]). However, at
extremely high energy density (for example, the very early universe), the the-
oretical expectation remains that the system will become weakly interacting
[35].

Another equally interesting result from RHIC arose from the studies of the
mechanism of particle production in nuclear collisions. Specifically, it has been
discovered that much of the data in this new regime can be expressed in terms
of simple scaling behaviors. Some of these behaviors had been noted in data
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at lower energies or for simpler systems. These observations suggest either
the existence of strong global constraints or some kind of universality in the
mechanism of the production of hadrons in high energy collisions, possibly
connected to ideas of parton saturation. The data strongly suggest that the
initial geometry and very early evolution of the system establish conditions
which determine the final values of many observables. The most concise for-
mulation of this discovery is the statement that the overall properties of the
data appear to be much simpler than any of the models invoked to explain
them. A full exploration and detailed analysis of all aspects of the data will
be required for a complete understanding of the properties of QCD physics in
the interesting regime probed by heavy ion collisions at relativistic velocities.

Section 2 of this paper describes the derived properties of the state formed
shortly after the collisions at RHIC, Sect. 3 describes the evidence that the
constituents of this state interact significantly, and Sect. 4 discusses the broad
range of scaling behaviors that have been discovered.

As a useful reference, the PHOBOS detector and its properties are briefly
described in Appendix A. Variables used in the description of the data, in
particular those relating to event characterization, are defined in Appendix
B. The precise determination of the collision impact parameter or centrality
is critical to heavy ion physics in general and the PHOBOS program in par-
ticular. Appendix C describes how centrality and the biases associated with
triggering and various elements of the data analysis are derived from measure-
ments and simulations for the various colliding systems and beam energies.

2 Properties of the initial state produced at RHIC

The primary goal of the RHIC accelerator was the study of QCD matter un-
der extreme conditions. In particular, it was expected that the center-of-mass
energies more than an order of magnitude higher than achieved at the SPS
accelerator at CERN would lead to the creation of a system with significantly
higher energy density. An additional consequence of the higher beam energy
compared to the SPS was the displacement of the projectile baryons a factor
of two farther apart in rapidity. This was expected to lead to a lower baryon
chemical potential in the high energy density region at midrapidity. Although
progress has been made recently in lattice calculations which include the ef-
fects of a non-zero baryon chemical potential (see, for example, [27,36-41] and
references therein), the most extensively studied system remains one with a
value close to zero (see, for example, [42,43] and references therein). There-
fore, creation of a system with a lower baryon chemical potential might offer
the potential for more reliable comparisons of experimental data to the fun-
damental QCD predictions. This section describes the conclusions that can
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be drawn from PHOBOS data concerning these two critical properties of the
state formed in collisions of heavy ions at RHIC.

2.1 Energy density

In very high energy heavy ion interactions, the maximum energy density occurs
just as the two highly Lorentz contracted nuclei collide. Clearly this system
is very far from being equilibrated and, as a result, the value of the energy
density, although well defined, may not be very interesting. In any reference
frame, the potentially more interesting quantity is the energy density carried
by particles which are closer to equilibrium conditions, i.e. those particles
which have, on average, comparable longitudinal and transverse momenta.
These conditions are roughly equivalent to restricting the particles to a range
of pseudorapidity |n| <1. Unfortunately, there are no direct measures of energy
density and, therefore, it must be inferred from the properties of the detected
particles. PHOBOS data have been used to investigate what range of initial
energy densities are consistent with the observations. Studies of pseudorapidity
and transverse momentum distributions, as well as elliptic flow, have been
combined to constrain assumptions about the energy in the system and the
time evolution of the volume from which the particles emanate.

Figure 1 shows distributions of charged particle pseudorapidity densities,
dNep/dn, for Au+Au collisions at /5, ,=19.6, 130, and 200 GeV for various
centralities [44]. The produced particle densities are at their maximum near
midrapidity and increase with both collision energy and centrality. The right
panel of Fig. 2 is a compilation of the evolution of the midrapidity charged
particle density, dN.,/dn| <1, per participating nucleon pair, Npe/2, as a
function of collision energy from PHOBOS [44-49] and lower energy heavy
ion reactions at the SPS [50,51] and AGS [52-56]. The PHOBOS data are for
the 6% most central Au+Au interactions. For most of the SPS and AGS data,
the dN,/dn values were obtained using sums of dN/dy results for a variety of
identified particles. The data follow a simple logarithmic extrapolation from
lower energies as shown by the line drawn to guide the eye. The PHOBOS ap-
paratus allows several independent techniques to be used to measure centrality
and the number of particles emitted near midrapidity, all of which provide re-
sults that differ by no more than a small fraction of their separate systematic
errors. The values of dN.,/dn] |, <1 per participating nucleon pair, 1.94+0.15,
2.47+0.27, 3.36+0.17 and 3.81+0.19 for the 6% most central Au+Au collisions
at 19.6, 56, 130, and 200 GeV, respectively, represent weighted averages of the
published results. It is notable that multiplicity measurements were initially
obtained by PHOBOS and later confirmed by the other experiments at every
new beam energy and species provided during the first three RHIC runs, from
the first Au+Au collisions [45] through the d+Au collisions [57].
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Fig. 1. Pseudorapidity density of charged particles emitted in Au+Au collisions at
three different values of the nucleon-nucleon center-of-mass energy [44]. Data are
shown for a range of centralities, labeled by the fraction of the total inelastic cross
section in each bin, with smaller numbers being more central. Grey bands shown
for selected centrality bins indicate the typical systematic uncertainties (90% C.L.).
Statistical errors are smaller than the symbols.

It is interesting to note that the measured midrapidity charged particle den-
sity at RHIC is lower than the prediction of most models (see the left panel
of Fig. 2, as well as [58,59]. From top to bottom, the references for the models
are [60-63,59,64-73]). The authors of [58] quoted a factor of 1.1 for convert-
ing dN/dn to dN/dy for comparison of data and theory. For consistency, the
PHOBOS dN,,/dn has been multiplied by the same factor to obtain the value
shown in the figure.

Among the models which predicted a value close to that seen in the data were
two which invoked the concept of saturation in either the initial state [73]
or the produced partons [70]. Related concepts were used in more recent for-
mulations which describe the formation of a Color Glass Condensate (CGC).
This newer CGC model successfully related the pseudorapidity and energy
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Fig. 2. (Left panel) Results of PHOBOS measurements of the charged particle den-
sity near midrapidity in central Au+Au at /5, =200 GeV [44,47-49] (shown by the
vertical line with the dashed lines denoting the systematic uncertainty) compared
to theoretical predictions. This panel is adapted from [58]. From top to bottom,
the references for the models are [60-63,59,64-73]. See text for discussion. (Right
panel) Normalized pseudorapidity density of charged particles emitted within |n| <1
in central Au+Au (AGS [52-56] and PHOBOS at RHIC [44-49]) and Pb+Pb (SPS
[50,51]) collisions as a function of nucleon-nucleon center-of-mass energy. See text
for discussion.

dependences of charged particle production to the gluon structure function
measured in e+p collisions [74]. It should be noted that this model also made
predictions for the properties of particle production at high p,. in d+Au colli-
sions [75,76] which agreed qualitatively with the pattern of hadron suppression
in the d+Au data at middle to forward rapidities [77-79], but which cannot
explain the excess of particle production at high p, for backward rapidities
[80,81]. The search for other evidence for possible parton saturation effects
remains a topic of interest at RHIC but a more detailed discussion is beyond
the scope of this paper.

Before attempting to make detailed estimates of the energy density, it is im-
portant to stress that the midrapidity particle density at the top RHIC energy
is about a factor of two higher than the maximum value seen at the SPS [47]
and there is evidence that the transverse energy per particle has not decreased
[82,83]. Thus, with little or no model dependence, it can be inferred that the
energy density has increased by at least a factor of two from /s, =17 to
200 GeV.

In addition to the measured particle multiplicities, estimating the energy den-

sity more precisely requires knowledge of the average energy per particle, as
well as the volume from which they originate. PHOBOS data for the trans-
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Fig. 3. Transverse momentum distributions of identified charged particles emitted
near midrapidity in central Au+Au collisions at ,/s,,=200 GeV. Invariant yield
data shown are from PHENIX at higher momenta [86] and PHOBOS at lower
momenta [85]. Boxes around the PHOBOS data indicate systematic uncertainties.
Fits to PHENIX measurements are shown by solid curves (o 1/[e{™z/T) 4 ¢], where
e = —1 and +1 for mesons and baryons, respectively, m,, is the transverse mass, and
T; is the fit parameter for each species). Note that the extrapolations (dashed curves)
of the fit to the data at higher momenta are consistent with the low momentum
yields.

verse momentum distribution of charged particles [84] can be used to find a
mean transverse momentum but these data only extend down to a few hun-
dred MeV/c. Alternatively, Fig. 3 compares identified particle yields at very
low transverse momentum measured by PHOBOS [85] to PHENIX data [86]
for higher momenta. Both data sets are for particles emitted near midrapidity
in central Au+Au collisions at ,/5,,=200 GeV. The PHOBOS data clearly
demonstrate that the fits shown hold over the full range of transverse momen-
tum and that extrapolation should give a correct value for the average. The
low momentum identified particle data shown in Fig. 3 are in non-overlapping
regions of p, for the three different species. Thus, without additional assump-
tions it is not possible to merge them into a low p, charged particle value for
comparison to PHOBOS spectra for charged particles at higher p,.

Accounting for the yields of the various particles, an average transverse mo-
mentum for all charged particles of (p,.) ~500 MeV/c can be derived. The
value found from the PHOBOS unidentified charged particle distributions is
the same to within 5%. Averaging over the pions, kaons, and nucleons, and
assuming the yields for the unobserved neutral particles, an average trans-
verse mass, m,., of ~570 MeV/c? can be extracted. Under the assumption
of a spherically symmetric distribution in momentum space, which would
have equal average transverse and longitudinal momenta, the average en-
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ergy per particle is equal to the transverse mass (m,) at midrapidity (i.e.
(E?) = (m?+p2 + pﬁ) ~ (m2 + p2)]n—0)- Alternatively, assuming that trans-
verse momentum is independent of pseudorapidity, the contribution due to
the longitudinal momentum can be found by averaging p, = p, cot(6). Over
the range 0 < n < 1, this results in (pﬁ} which is approximately 30-40% of

(pi) and would, therefore, raise the average energy by about 10-15%. Since
there are significant theoretical uncertainties in this and other elements of
the calculation, and we are interested in a lower limit, a rounded estimate of
600 MeV per particle will be used.

The total energy in the system created near midrapidity in central Au+Au
collisions at /5, ,=200 GeV can be found from

Etot = 2Eparthch/d77J |n|§1fneutf47ra

where E,,,, is the average energy per particle, dNcp/dn ]y <1=655£35(syst) is
the midrapidity charged particle density for the 6% most central collisions,
fheut is a factor of 1.6 to roughly account for undetected neutral particles, and
the factor of 2 integrates over —1< n <41. One further issue to consider is
that there are particles with similar total momentum in the center-of-mass
system but which are not traveling predominantly in the transverse direction.
The correction for these additional particles, fy,, is trivially estimated from
the fraction of solid angle outside # = 40°-140° (i.e. outside || < 1) and
equals about 1.3. It should be stressed that this methodology does not suggest
that the entire distribution of particles is isotropic; in fact, the data shown in
Fig. 1 clearly contradict any such idea. Instead, the goal is to obtain the energy
density for the component of the distribution which is consistent with isotropic
emission from a source at midrapidity. Combining all of these terms, the total
energy contained in all particles emitted near midrapidity, with transverse and
longitudinal momenta consistent with emission from an equilibrated source,
is about 1600 GeV. This is roughly 4% of the total energy of 39.4 TeV in the
colliding system.

Converting this to a density in the rest frame of the system consisting of these
particles requires knowledge of the volume within which this energy is con-
tained at the earliest time of approximate equilibration. For central collisions,
a transverse area equal to that of the Au nuclei (=150 fm?) can be assumed,
but which value to use for the longitudinal extent is not as clear. One ex-
treme is to take the very first instant when the two Lorentz contracted nuclei
overlap (longitudinal size ~0.1 fm), which yields an upper limit on the energy
density in excess of 100 GeV/fm?. There is, however, no reason to assume
that at such an early instant the system is in any way close to equilibrium. A
second commonly-used assumption is that proposed by Bjorken [87], namely
a transverse size equal to the colliding nuclei and a longitudinal size of 2 fm
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(corresponding to a time of the order of 7 ~1 fm/c since the collision) which
implies an energy density of about 5 GeV/fm3. ! Finally, the elliptic flow
results discussed below suggest that an upper limit of the time for the system
to reach approximate equilibrium is of the order of 1-2 fm/c. Using the upper
range of this estimate and further conservatively assuming that the system
expands during this time in both the longitudinal and transverse directions
(with expansion velocities 5, =1 and 3, ~0.6), one obtains a lower limit of the
energy density produced when the system reaches approximate equilibrium at
RHIC of >3 GeV/fm3. Even this very conservative estimate is about six times
the energy density inside nucleons and about twenty times the energy den-
sity of nuclei. Therefore, this is a system whose description in terms of simple
hadronic degrees of freedom is inappropriate.

2.2  Baryon chemical potential
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Fig. 4. Ratios of identified antiparticles over particles measured near midrapidity in
central collisions of Au+Au (AGS [54,95,96] and PHOBOS at RHIC [91,92]) and
Pb+Pb (SPS [93,94]) as a function of nucleon-nucleon center-of-mass energy. Error
bars are statistical only.

Turning to the baryon chemical potential, p,, early results regarding this
property of the high energy density medium produced at RHIC came from the
measurement, of the ratios of charged antiparticles to particles near midrapid-
ity for central collisions. In the simplest Boltzmann approximation, the ratio of
antiprotons to protons is proportional to e=2#8/T where T is the temperature

1 The frequently-used Bjorken approximation for the energy density with the same
information from the data used here would yield a value of about 4 GeV /fm3.
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at the time of chemical freezeout. Using particle yields to deduce properties of
the system is a concept that long predates QCD and heavy ion collisions [88—
90]. Figure 4 compares the antiparticle to particle ratios for both protons and
kaons measured at RHIC by PHOBOS [91,92] to the corresponding numbers
found at lower energies [54,93-96]. Clearly, the systems formed at RHIC are
much closer to having equal numbers of particles and antiparticles than was
true at lower energies. The measured value of 0.73+0.02(stat)+0.03(syst) for
the antiproton to proton ratio near midrapidity for central Au+Au collisions
at /Syy=200 GeV [92] indicates that these collisions are approaching a very
low value of p,. Within the framework of thermal models, these ratios can
be used to extract the baryon chemical potential [97]. Assuming a hadroniza-
tion temperature of 165 MeV, a value of u,=27 MeV was found for central
Au+Au at ,/5,,=200 GeV. This baryon chemical potential is an order of
magnitude lower than was obtained for Pb+Pb data at ,/5,,=17.2 GeV from
the SPS [98,99]. Although the system created near midrapidity at RHIC can-
not be described as completely free of net baryons, it is clearly approaching
the environment treated in most lattice calculations.

2.2.1 Comparison of particle ratios in Au+Au and d+Au

In addition to the higher center-of-mass energies, a critical element of the
design of RHIC was the ability to collide asymmetric systems. This capa-
bility was first exploited with the collision of deuterons with gold nuclei at

sy~ =200 GeV. It is hoped that analysis of such simpler systems will serve
as critical “control” experiments to aid in the understanding of the more com-
plicated nucleus-nucleus data. As a first example, this section presents a study
of the antiparticle to particle ratios.

As described above, particle ratios can be used to extract information about
the properties of the system, in particular the chemical potentials. The mea-
sured values of these parameters are established at the point of chemical freeze-
out when inelastic interactions between the produced particles cease. However,
the properties of the early evolution of the system can clearly influence final
conditions. Of particular interest in this regard is the ratio of antiprotons to
protons measured at midrapidity. This ratio can be interpreted as reflecting
the interplay of two mechanisms, namely the transport of baryons from the
two projectile nuclei to midrapidity and the production of antibaryon-baryon
pairs in the interaction. By studying ratios as a function of centrality in d+Au,
the effect of multiple collisions of the nucleons in the deuteron can be explored.
The surprising result is shown in Fig. 5 [100].

The simple expectation, supported by various model calculations (HIJING

[101], RQMD [102], and AMPT [103,104]) was that the proportion of antipro-
tons near midrapidity would fall slowly with collision centrality as the deuteron
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Fig. 5. The ratio of antiprotons to protons emitted in a rapidity region spanning
approximately 0.0 < y < 0.8 (where positive rapidity is in the direction of the
deuteron projectile) for d4+Au collisions at /s, =200 GeV [100]. Data are shown
for 4 centrality ranges. The parameter (v) is the average number of collisions suffered
by each participant in the deuteron (Ngoy/Ng,). Statistical and point-to-point
systematic uncertainties are shown as bars and brackets, respectively. The results
of several models [101-104] are shown for comparison.

participants suffered more collisions and, consequently, were effectively trans-
ported closer to the center-of-mass rapidity. In contrast, the data show a ratio
which is consistent with being the same at all centralities. At present, no
simple explanation or interpretation of the observed particle ratios is known.

The d4+Au data at RHIC serve an important function as a control experiment
since an extended volume of high density matter is presumably not formed in
these collisions. Understanding the basic mechanisms of baryon transport and
baryon pair production will clearly be critical to a full description of heavy
ion interactions.

2.8 Nature of the transition to the high density regime

The transition to the high density state at RHIC has not been observed to
create abrupt changes in any observable studied to date, including, among
others, charged particle multiplicity, elliptic flow, HBT, as well as derived
quantities such as energy density and freeze-out parameters. This lack of a
dramatic change in character may make it more difficult to delineate the exact
boundaries of the onset of significant influence from non-hadronic degrees of
freedom. However, this observation may be consistent with the expectations
concerning the nature of the phase transition from the most recent lattice
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QCD calculations [27,36,42,105], which predict a rapid crossover in the region
of the phase diagram believed to be relevant for the systems created near
midrapidity at RHIC. It should be noted that the lack of dramatic shifts in
observables does not necessarily rule out the presence of a phase transition
with different characteristics (see, for example, the discussion in [24]).

It should be noted that indications of possible non-monotonic behavior in
the energy evolution of some quantities were reported in the range /5, =5~
10 GeV at the CERN SPS (see, for example, [106] and references therein).
The extracted properties of the environment created near midrapidity in these
lower energy collisions are significantly different from those found near midra-
pidity at RHIC, with energy densities at least a factor of 3—4 smaller and
baryon chemical potentials an order of magnitude or more larger. A discus-
sion of these results at lower energy falls outside the scope of this paper but
future work in this area might prove important to the full exploration of the
QCD phase diagram.

3 Strength of interactions in the high energy density medium

In early discussions of the high density systems formed in RHIC collisions, the
expectation was that a deconfined state of quarks and gluons would be weakly
interacting. This interpretation arose at least partly from the naive assump-
tion that any matter that attained a large fraction of the Stefan-Boltzmann
limit for the pressure would act like a gas [29]. One of the most dramatic
early discoveries at RHIC is the clear indication that the nature of the sys-
tems formed is very far from weakly interacting. Evidence for this conclusion
is found in the magnitude of elliptic flow and in the centrality dependence of
particle production at high transverse momentum. The former provides infor-
mation on the manner in which particle production depends on the shape of
the incident system and the latter explores how the spectrum of the produced
particles is impacted by the medium. Additional evidence is provided by the
yields of particles at very low transverse momentum, a measurement unique

to PHOBOS.

Figure 6 shows PHOBOS measurements of the magnitude of elliptic flow,
vz, near midrapidity (|n| < 1) in Au+Au collisions at ,/s,=130 [107] and
200 GeV [108] as a function of centrality, denoted by (Npg+). Two different
methods of determining the flow signal, one based on counting hits in the
multiplicity detector and one based on counting tracks in the spectrometer
[108], were used at the higher beam energy. Similar results were first shown
for RHIC data by the STAR collaboration [109]. Figure 7 shows data from
the track-based method in the rapidity interval 0 < n < 1.5 for the 50%
most central Au+Au collisions at ,/5,,=200 GeV as a function of transverse
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Fig. 6. Elliptic flow of charged particles near midrapidity (|n| < 1) as a function
of centrality in Au+Au collisions at /5., =200 GeV using two different methods
[108] (closed circles and triangles, see text for details) and at /5, =130 GeV (open
triangles) [107]. Grey boxes show the systematic errors (90% C.L.) for the 200 GeV
data. The curve shows the prediction from a relativistic hydrodynamics calculation
[110].
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Fig. 7. Elliptic flow of charged particles emitted near midrapidity (0 < n < 1.5) in
the 50% most central Au+Au collisions at /5, =200 GeV as a function of trans-
verse momentum [108]. Grey boxes show the systematic uncertainties of the data
(90% C.L.). The curve is the prediction of a relativistic hydrodynamics calculation
[110].

momentum, p, [108]. Data in both figures are compared to the predictions
of a hydrodynamical calculation [110]. These results show that elliptic flow
is unexpectedly large at RHIC energies. Over a wide range of centrality and
transverse momentum, the value near midrapidity is as large as that calculated
under the assumption that a boost-invariant relativistic hydrodynamic fluid
was formed.
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When two nuclei collide with non-zero impact parameter, the lenticular (or
almond-shaped) overlap region has an azimuthal spatial asymmetry (see right
panel of Fig. B.1). However, if the particles do not interact after their initial
production (presumably with azimuthally uniform momenta), the asymmetri-
cal shape of the source region will have no impact on the azimuthal distribu-
tion of detected particles. Therefore, observation of azimuthal asymmetry in
the outgoing particles is direct evidence of interactions between the produced
particles. In addition, the interactions must have occurred at relatively early
times, since expansion of the source, even if uniform, will gradually erase the
magnitude of the spatial asymmetry.

Qualitatively, it is clear that an asymmetric system of interacting particles
will have azimuthally varying pressure gradients which can alter the observed
particle directions. Hydrodynamical models can be used to calculate a quanti-
tative relationship between a specific initial source shape and the distribution
of emitted particles (see, for example, [110]). Due to the ideal nature of the
fluid assumed in these models (not to be confused with the non-interacting
ideal gas), the resulting final asymmetry is generally assumed to be an upper
limit for a specific starting condition. From the strength of the observed el-
liptic flow and from the known dimensions of the overlap region in Au+Au
collisions, it can be conservatively estimated that the pressure build-up in the
initially formed medium must have occurred in a time less than about 2 fm/c
(with a best-fit value from flow and other data of 0.6 fm/c) [24]. Thus, the
presence of a large flow signal carries several important implications, the first
of which, a limit on the timescale for equilibration, has been used previously
in the discussion of energy density. In addition, one can conclude that at these
early times the initially produced particles must already be interacting signif-
icantly, corresponding more closely to the conditions in a fluid rather than a
gas.

Additional indirect evidence that the constituents of the system produced in
heavy ion collisions at RHIC are interacting significantly is provided by the ob-
served yield of particles with very small transverse momentum (<100 MeV/c)
[85], shown previously in Fig. 3. Recall that the production of particles with
p, as low as 30 MeV/c was consistent with extrapolations from a fit to the
distribution in the range of a few hundred MeV/c to a few GeV/c. If, in
RHIC collisions, a medium of weakly interacting particles was initially pro-
duced, one could expect an enhancement in the production of particles with
wavelengths up to the overall size of the collision volume (i.e. coherent pion
production) [111]. In essence, the observation that there is no such excess is
another manifestation of the high pressure gradient and significant level of in-
teraction present in the medium, which gives rise to the large magnitude of the
elliptic flow signal seen at RHIC. These properties would also produce large
radial flow so that any particles initially produced with low velocity would
subsequently be accelerated by the interactions.
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The study of the yield of particles with large transverse momentum can be
used to more directly explore the level of interactions present in the medium
produced in /s, =200 GeV Au+Au collisions at RHIC. Presuming that
high momentum transfer processes are induced via relatively short-range in-
teractions, one may expect QCD factorization theorems, proven for simpler
processes, to continue to hold and, therefore, a particular hard process can
be induced by any binary collision in the overall nucleus-nucleus interaction
[112,113]. This is the motivation for the nuclear modification factor, R,
defined in Appendix B.3 and first studied at RHIC by PHENIX [114,115],
which measures how effective each particular binary collision is for inducing
a hard scattering process. Strong deviations from unity indicate violations of
factorization, which may be caused by initial or final state effects. In their
pioneering work, the PHENIX collaboration showed that in central collisions
of Au+Au at /s, ,=130 GeV there was significant suppression of the yield of
high transverse momentum particles compared to the p+p data scaled by the
number of binary collisions, N;.

= ol 1525% | 615% L 0-6%
] e Au+Au 62.4 GeV
o Au+Au 200 GeV

Fig. 8. Nuclear modification factor, R44, as a function of transverse momentum for
Au+Au collisions at /5, ,=62.4 (closed symbols) and 200 GeV (open symbols),
for six centrality ranges [84,116]. Centrality is expressed as a fraction of the total
inelastic cross section with smaller numbers being more central. Bars and brackets
show statistical and systematic uncertainties, respectively. The grey bands show
the systematic error in the overall scale due to N,o;. The solid (dashed) line shows
the expectation for scaling with Ngoy (Npart/2) times p+p data (See discussion in
Appendix B.3).

The PHOBOS collaboration has confirmed that a similar effect is present in
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Au+Au collisions at 200 GeV [84], and has also performed the first simi-
lar studies at ,/s,,=62.4 GeV [116], see Fig. 8. More importantly, as dis-
cussed later and shown in Fig. 31, the yields for Au+Au interactions at

sy~y=200 GeV, which span a range of more than a factor of five in the
number of participants, were found to scale with the number of participants,
when compared with central Au+Au collisions, to within <25% at all trans-
verse momenta. The fact that data up to p, of 4 GeV/c show much the same
scaling as at low momentum clearly demonstrates that any scaling of the yield
due to hard processes with the number of binary collisions is completely oblit-
erated. Note the significant difference in the magnitudes and overall shapes
of Raa at the two energies shown in Fig. 8, as well as the fact that the dif-
ference is similar at all centralities. Additional discussion of this interesting
observation, as well as other scaling properties of the data, can be found in
Sect. 4.

It is important to note that, except where specifically mentioned, the reference
p+p data in this and all other cases of comparison to RHIC data is for inelas-
tic collisions. This choice is made for consistency rather than being strongly
motivated by physics considerations. In most cases, the difference between the
yield in non-single diffractive (NSD) and inelastic measurements is about 10%
or less.

As mentioned above, the observed suppression of hard processes could result
from some modification in the initial state (see, for example, [75]), as well as
from interactions in the dense medium formed after the collision. To investigate
this possibility, similar data were taken for d4+Au collisions at the same energy.
Figure 9 shows the nuclear modification factor, R;4,, measured by PHOBOS
in d+Au at ,/s,,=200 GeV, in four different impact-parameter ranges [77]
and the similar modification factor, R44, in central Au+Au collisions at the
same energy [84]. Note the dramatic difference between the results for central
d+Au and Au+Au collisions at higher transverse momentum shown in the
lower right panel of the figure. For 2 GeV/c < p,. < 6 GeV/c the yield of
charged particles in d4+Au is consistent with binary collision scaling of p+p
data, whereas in Au+Au collisions the yield is clearly suppressed.

The observation that the data points at higher p, in Fig. 9 are similar at
all centralities and all lie near unity may be evidence for binary collision
scaling at higher p, in d+Au. However, this interpretation is unclear since
the characteristics of the data may be a consequence of the interplay of an
enhancement (similar to the so-called “Cronin effect” [81,117-120]), and some
suppression, due to either energy loss in the final state or parton saturation
effects in the initial state. Furthermore, several effects complicate the assumed
connection between binary collision scaling and the magnitude and centrality
independence of Ry 4,. First, it should be noted that the number of participants
and the number of collisions do not deviate as much with centrality in d+Au as
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Fig. 9. Nuclear modification factor, Rj4,, as a function of transverse momentum
for d+Au collisions at /5., =200 GeV, for four centrality ranges [77]. Centrality
is expressed as a fraction of the total inelastic cross section with smaller numbers
being more central. Bars and brackets show statistical and systematic uncertainties,
respectively. The shaded area shows the uncertainty (90% C.L.) in Rg44, due to the
systematic uncertainty in N.,; and the scale uncertainty in the proton-proton data.
In the bottom right panel, the nuclear modification factor, R4, for the 6% most
central Au+Au collisions at the same energy [84] is shown as a dark curve for
comparison.

in Au+Au. Using the number of participant pairs as the scaling variable (i.e.
using R, Nrert qefined in Appendix B.3) would raise the values at all transverse
momenta by an average factor of about 1.65. However, the factor would differ
only by 29%, 14%, and 6% for centrality bins of 70-100%, 40-70%, and 20—
40%, respectively, compared to the 0-20% data. These shifts are comparable
to, or smaller than, the systematic uncertainties in the overall scale of the
modification factors. Thus, the observation of similar values of Rg4, at all
centralities does not necessarily imply scaling with the number of collisions.

To further complicate the interpretation, the value of the nuclear modification
factor was found to depend on the pseudorapidity of the emitted particles.
This was first inferred from the comparison of the PHOBOS results [77] to
those of the other experiments [121-123]. It can also be seen from PHOBOS
results directly as shown in Fig. 10 [78]. Data from BRAHMS suggest that this
trend may continue to higher positive pseudorapidity [79] while preliminary
PHENIX data suggests that R44, may even continue rising for negative pseu-
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Fig. 10. Nuclear modification factor, Rq4,,, for four different values of p, as a func-
tion of pseudorapidity in d+Au collisions at ,/5,,=200 GeV. PHOBOS results
away from midrapidity [78] are compared to data near n=0 from BRAHMS [121],
PHENIX [122], and STAR [123]. For the PHOBOS points, the error bars are the
point-to-point systematic errors (90% C.L.). The systematic errors in the overall
scale of the PHOBOS R4, are shown as grey bands.

dorapidity (i.e. towards the Au projectile rapidity) [80]. The trend seen in the
PHOBOS and BRAHMS data has been interpreted as support for the CGC
model, but this conclusion is far from clear and the PHENIX data at negative
pseudorapidity remain even more poorly understood [81]. For this reason, the
observation of the particular value of R44,=1 at higher p, is a consequence of
the PHOBOS acceptance and again does not necessarily imply N, scaling.

Therefore, the important feature is not the possible scaling of the particle
yields in d+Au with N,y times p+p yields, but instead the very significant
difference between the transverse momentum dependence of the d+Au and
Au+Au nuclear modification factors. The larger system appears to lead to a
strong suppression while the smaller system does not. Very similar results were
reported simultaneously by all four RHIC experiments [77,121-123]. Part of
the difference in the behavior of the two colliding systems may be attributed
to initial state effects. However, it is difficult to avoid the conclusion that the
majority of the difference in R44 compared to Ry4, results from the impact
of the high energy density matter on the yield of particles with p, in this
measured range. Clearly, the constituents of the medium produced in the
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central Au+Au collisions experience a significant level of interaction. Since, as
discussed above, the system at this early stage cannot be primarily hadronic
in nature, one can conclude that the high energy density matter created at
RHIC interacts very significantly with high p,. partons (or with whatever
constituents comprise the dominant degrees of freedom at this early stage). It
certainly does not appear to be a weakly interacting parton or hadron gas.

In related measurements, the STAR experiment has studied back-to-back cor-
relations of high p,. particles. Measuring the yield of particles as a function of
the azimuthal angle relative to a very high p,. trigger particle, a suppression
was found in particles emitted on the opposite side [124]. This suppression was
found to depend on the azimuthal angle of the trigger particles with respect
to the reaction plane [125]. One strength of the correlation analysis is that
it is essentially self-normalizing in the sense that the result does not depend
on any assumptions about the scaling of the primary production of particles.
One can interpret this as additional support for the conclusions that are being
drawn from the single particle data.

Further evidence that the system may be both non-hadronic in nature and
also characterized by a significant level of interaction comes from flow data for
identified particles. PHENIX [126] and STAR [127] have measured the elliptic
flow and its dependence on transverse momentum for a variety of mesons and
baryons. These data appear to be consistent with an interpretation that the
flow of produced particles results from the recombination of quarks which
are themselves flowing [128]. The impact of this flow of quarks is that the v,
parameter divided by the number of valence quarks scales as a function of
the transverse momentum, also divided by the number of valence quarks. It
should be noted that this recombination model only holds for elliptic flow at
higher values of p,, > 1 — 2 GeV/c. If this interpretation is correct, it lends
support to the presumption that the system has a component of constituent
quarks which experience significant interactions early in the evolution of the
collision.

In conclusion, the data from RHIC collisions provide strong evidence for the
creation of a very high energy density, low baryon chemical potential, medium
which cannot simply be described in terms of hadrons and whose constituents
experience significant interactions with each other.

4 Simple scaling behaviors of particle production

The wide range of systems and energies provided by the RHIC accelerator,
combined with the unique capabilities of the PHOBOS detector, has allowed a
study of the properties of particle production over a very broad range of pseu-
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dorapidity and transverse momentum for a wide variety of initial conditions.
This work continues a long history of investigations to understand particle
production under a variety of conditions. In the process of this study, a sur-
prising result was discovered. It emerged that an enormous span of data for
charged particles emitted in d+Au and Au+Au collisions at RHIC energies
could, to a large extent, be described using only a few simple unifying features.
Some of these scaling behaviors had been observed previously, either at lower
energies or for less complicated systems than heavy ion collisions. Although a
direct theoretical connection between these observed trends in the data and
the nature of the systems created is not presently apparent, it is clear that
the unifying features must reflect important aspects of the dynamics of the
evolution starting from the earliest stages of the collision. In addition, these
observations shed light on broader aspects of particle production under a va-
riety of conditions. This section describes the extent to which these scaling

behaviors and other unifying features apply to charged particle production at
RHIC energies.

In order to achieve the broadest possible coverage in pseudorapidity and trans-
verse momentum, most of these measurements rely on detection techniques
which do not differentiate between the production of different species of par-
ticles. Therefore, it is generally not known at this time to what extent the
production of any specific particle exhibits the scaling behaviors described
in this section. However, the degree to which one particular species deviates
from any of the observed dependencies must be compensated by the sum of all
the other species, a correspondence between particle types that is interesting
in itself. The occurrence of such balancing could contain important informa-
tion about the global influences on the processes taking place during particle
production.

In a wide variety of systems (hadron+A up to A+A), the total number of
emitted charged particles is observed to have a very simple dependence on
energy and centrality. In all cases, the total multiplicity appears to scale lin-
early with the number of participant pairs, Nper¢/2. It should be noted that
throughout this document the generic term “participant pairs” refers simply
to the total number of participants divided by 2, i.e. a quantity that is unity
in p+p, and does not imply a matched pair from the two colliding species. The
total multiplicity of charged particles emitted in hadron+A (including p+A)
and d+A is equal to Npg¢/2 times the multiplicity observed in p+p. In con-
trast, for heavier nucleus-nucleus interactions, the constant of proportionality
is the multiplicity produced in e*+e~ annihilations, which is approximately
equal to that measured in p+p at twice the center-of-mass energy. This is
suggestive of a universal energy dependence of charged particle multiplicities
in strong interactions. Centrality, as reflected by the number of participants
(both the total number and, for asymmetric systems, the number in each of
the nuclei) appears to have a strong influence on the shape of the pseudorapid-
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ity distributions. In addition, the yield of high transverse momentum particles
(p, >4 GeV/c) shows a dependence on the number of participants that is sur-
prisingly similar to that for low momentum particles when comparing Au-+Au
at different centralities.

Over a broad range of emission angles, the distributions of pseudorapidity den-
sity and the elliptic flow signal, when measured as a function of the variable
N =1 — Ypeam (i-e. when shifted by Ypeqrn, and thereby effectively viewed in the
approximate rest frame of one of the colliding particles), appear to be identical
both in shape and magnitude at all beam energies over a large range of 7'.
The details of the shape of the distributions depend on the impact parameter,
but again in an energy-independent way. In addition to this extended longitu-
dinal scaling, no evidence is seen for a boost invariant central plateau in the
pseudorapidity distributions of either particle multiplicity or elliptic flow.

Another aspect of the centrality dependence is the observation that many dif-
ferences between data for Au+Au and p+p, for example in the multiplicity
per participant or in the shape of the transverse momentum distributions, per-
sist essentially unchanged over a centrality range corresponding to a number
of participants that spans a factor of 5 or more. Finally, many properties of
particle production exhibit separate dependences on the energy and centrality
of the collisions which factorize to a surprising degree. In other words, the
centrality dependence of data such as pseudorapidity density and transverse
momentum spectra was found to be identical even at center-of-mass energies
separated by up to an order of magnitude.

4.1 FEnergy dependence of total multiplicity

The most basic observable in the study of multiplicity is the total number of
produced particles. Collisions at RHIC extend the center-of-mass energy range
available in heavy ion interactions by more than an order of magnitude. Sec-
tion 2.1 described the energy dependence of the midrapidity particle density.
In this section, the total integrated particle yield is discussed. As is clearly
shown in Fig. 1, the PHOBOS multiplicity detector extends over a uniquely
broad range of pseudorapidity and, therefore, the extrapolation to account for
missing regions of solid angle is small even at the highest RHIC energy. The
total multiplicity of charged particles per participant pair in A+A collisions
over a wide range of energies [44,50,129,130] is shown in Fig. 11, along with
data from d+Au [57], p(p)+p, and et +e~ annihilation into hadrons (the latter
two compiled from references in [131]). The d+Au value has also been divided
by the number of participant pairs. The nucleus-nucleus data are for central
collisions. However, this choice is inconsequential since, as will be discussed in
the following section, the total multiplicity per participant pair appears to be
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Fig. 11. (Top panel) Normalized total multiplicities of charged particles emitted
in et+e~, p(p)+p (compiled from references in [131]), d+Au [57], Au+Au (AGS
[130] and PHOBOS at RHIC [129,44]) and Pb+Pb (SPS [50]) collisions at a variety
of nucleon-nucleon center-of-mass energies. Nucleus-nucleus data are all for central
collisions and the multiplicities have been divided by the number of participating
nucleon pairs. (Bottom panel) The values for all systems are shown divided by a fit
to the eT+e~ data.

approximately independent of centrality.

The various sets of data have very different trends. The p+p (open squares
and crosses) and d+Au (open circle) data are consistently about 30% below
the et+e~ data, as shown in the lower panel where all of the data points
are divided by a fit to the e*+e~ data. Starting at the lowest energies, the
A+A data rise much faster than both p+p and et+e~ but then the slope of
the energy dependence changes and above /5, ~20-30 GeV, the A+A data
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follow the trend of the e +e~ data. The lower panel of the figure shows that
these two sets agree to within 10% over a span of an order of magnitude in
center-of-mass energy.

One proposed explanation for the difference between the p+p and et+e~
data is that one must properly account for the “leading particle effect” which
is present in hadron-hadron collisions, but not in e*+e~ annihilation. The
distribution of protons in z, (see Appendix B.2 for definition) for p+p colli-
sions at different energies was found to be approximately flat (with a spike at
z =1 for elastic and diffractive events; a summary of these data can be found
in [132]). One interpretation of these data is that a leading nucleon typically
carries away half of the beam energy. In p+p collisions, the z, of the leading
proton was found to directly anticorrelate with the particle multiplicity, as
if the leading particle simply removed energy that would otherwise go into
particle production [133-135]. By rescaling the center-of-mass energy for the
p+p data by a factor of two (see open diamonds in Fig. 11), one observes that
the multiplicities of p+p and eT+e~ reactions agree more closely over much
of the energy range.

In contrast with the p+p data, which agree with the e™+e~ data over a large
energy range only after rescaling, there is reasonable agreement of the total
charged particle multiplicities between e™+e~ and A+A collisions over /s and
/Sy of about 20 to 200 GeV with no rescaling. At lower energies, one sees an
apparent “suppression” of the A+A multiplicity compared to both p+p and
et+e . This might be explained by reference to the substantial baryon excess
found in the particle yields at these lower energies (e.g. the antiproton/proton
ratio <1, see references in [92]). The relatively larger number of baryons
compared to pions should tend to suppress the overall multiplicity, since the
baryon chemical potential reduces the entropy. Essentially, the net baryons
take up an increasing fraction of the available energy. Additionally, the overlap
of the peak of the rapidity distributions of the net baryons and the produced
pions [136] could result in increased pion absorption during the evolution of
the system.

The arguments made here suggest that the total multiplicity per participant
pair is a universal function of the available energy, irrespective of the colliding
system [129]. All of the heavy ion data shown in Fig. 11 are for central colli-
sions, but as shown in Sec. 4.2 the numbers remain constant over a broad range
of impact parameter. This is a surprising result if p+p collisions are expected
to be a “reference system”, while the enhanced multiplicity in A+A is related
to more exotic physics. Moreover, the prediction of the energy dependence
of the e™+e~ multiplicity is widely understood as a paradigmatic success of
perturbative QCD [137], while a broader range of processes are expected to
contribute in heavy ion collisions.
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This interpretation of the comparison of p+p and Au+Au systems is validated
by the /5, ;=200 GeV d+Au results from PHOBOS [138] shown in Fig. 11 for
the most central collisions. If it takes more than one collision in order for all of
the energy to be available for particle production, then one would expect the
participants in the deuteron to contribute approximately half the multiplicity
of an eT+e~ collision (i.e. with effective energy of /s ), while the participants
in the gold nucleus would contribute half a p+p collision. For a central d+Au
collision, the ratio of gold to deuteron participants is approximately 8, so the
“p+p-like” collisions should dominate, making the multiplicity closer to p+p,
an expectation that is validated by the data.

It should be emphasized that this result applies mainly to the total multi-
plicity and not necessarily to other details of particle production. In other
words, this argument does not imply that A+A collisions are merely scaled
up et +e~ annihilations. The presence of elliptic flow and strangeness enhance-
ment, along with other observations, precludes this possibility. Furthermore,
it is not argued that all observables in A+A collisions should be compared to
similar data from p+p at twice the center-of-mass energy. Still, the similari-
ties between the total charged particle multiplicities of these various systems
raise the question of what are the decisive differences between the larger and
smaller systems. Some insight may come from studying the role of the size
and shape of the collision volume, which will be addressed in later sections.

While the physics scenario as stated is consistent with a broad range of multi-
plicity data, it is complicated somewhat by the recent BRAHMS result on the
net baryon distribution, which is interpreted in terms of the net rapidity loss
of the incoming baryons [139]. Although the measurements do not include the
bulk of the net baryons, the data can constrain the shape of the distributions
substantially. The BRAHMS analysis finds that the average rapidity loss of
the net baryons in central Au+Au collisions at ,/5,,=200 GeV is Ay ~2 units
[139], which is consistent with values extracted from p+A data at lower en-
ergy [140,141]. When translated into “available” energy, i.e. the total incoming
energy minus the energy of the net outgoing baryons, only about 75% of the
energy is left for particle production in central A+A collisions. It should be
noted that this value is a lower limit based on the assumption that the effects
of longitudinal expansion can be ignored. If this reduced available energy is ac-
counted for in the Au+Au data as was done for p+p, the resulting data points
in the bottom panel of Fig. 11 would increase by about 15%. This would imply
that Au+Au collisions are, in fact, able to convert the same amount of energy
into a slightly larger number of particles than are produced in e™+e~ annihi-
lations at the same center-of-mass energy. Given the systematic uncertainties
in the various data sets, it is difficult to determine which of these interpreta-
tions is correct. Furthermore, given the current lack of understanding of the
longitudinal dynamics in RHIC collisions (see Sect. 4.5), the validity of the
assumption that all of the energy carried by the net baryons is “unavailable”
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for particle production is far from obvious. What is unambiguous is the sur-
prisingly close correspondence of all systems despite the common assumption
that somewhat different physics dominates in each case.

In summary, the data show that the systematics of the total charged-particle
multiplicities are suggestive of a universal mechanism which affects “bulk”
features of particle production in strongly-interacting systems. The dominant
control variable in this picture appears to be the available or “effective” energy,
per participant pair, which is apparently 50% of VSyy i @ p+p or d+Au
collision, but appears to be a significantly larger fraction of , /s in A+A and
presumably all of /s in et+e~ reactions. This may simply be related to the
fact that typical participants in an A+A collision are multiply struck when
passing through the oncoming nucleus. A more complete description would
involve a full explanation of the nature and origin of the outgoing baryons in
both nucleon-nucleon and nucleus-nucleus collisions. All of these issues thus
require a more comprehensive understanding of the early-time dynamics of the
collision process, including both the dynamics of baryon-number transport and
entropy production.

4.2 Centrality dependence of total multiplicity

One of the key tools for understanding particle production in high energy
p+A and A+A collisions is the study of the system-size dependence, either
by varying the size of the colliding nuclei or by classifying the collisions ac-
cording to centrality. Variation of the collision centrality not only changes the
volume of the particle production region, but also the number of binary colli-
sions per participant (see Appendix B.3 for more discussion of this topic). In
addition to changing the collision energy, varying centrality therefore provides
another handle, in principle, for changing the balance of particle production
between ‘soft’ low-momentum processes and point-like ‘hard’ processes with
large momentum transfer.

One of the more striking features of total particle production in Au+Au colli-
sions at RHIC is the proportionality of the total charged-particle multiplicity
to the number of participant pairs [129], as shown in Fig. 12 and compared
to p+p [142] and d+Au collisions [138]. The figure also shows that the total
charged particle multiplicity is proportional to the number of participating nu-
cleons in Au+Au collisions at all three energies from /s, ,=19.6 to 200 GeV.
The data suggest that the transition between p+p collisions and Au+Au is
probably not controlled simply by the number of participants, as even very
central d+Au collisions do not show any sign of trending up towards the level
of the Au+Au data. As discussed in the preceding section, this aspect of the
total multiplicity is expected in the “available energy” ansatz, since the Au
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Fig. 12. Total integrated charged particle multiplicity per participant pair as a
function of number of participants. Data are shown for Au+Au collisions at /s
of 19.6, 130 and 200 GeV [129], as well as d+Au [138] and p + p at 200 GeV [142].
The vertical bars include both statistical and systematic (90% C.L.) uncertainties.

participants, which dominate the total number of participants in d4+Au, are
expected to be more “p+p-like”.

This topic represents one area where data for collisions of lighter nuclei at
RHIC could make an important contribution. Extrapolation of Au-+Au analy-
sis to very peripheral collisions inevitably suffers from considerable systematic
uncertainty in the number of participants. Lessons learned from analysis of
lower energies and smaller systems such as d+Au are currently being applied
in an attempt to reduce those uncertainties. However, it is clear that data from
lighter systems, currently being collected in Run V at RHIC, will provide vital
input to the interpretation of these results.

Further information about the centrality dependence is shown in Fig. 13, the
inset of which shows a detailed comparison of the PHOBOS d+Au results
at /5,y =200 GeV [138] with 7+A, K+A, and p+A for /5, ~10-20 GeV
[143]. In all cases in the inset, the total charged particle multiplicity in hadron-
nucleus collisions is divided by the p+p multiplicity at the same collision
energy. Within the experimental uncertainty, the ratios all fall on the indicated
line, demonstrating that the total charged particle multiplicity scales with the
number of participant pairs times the data for p+p at the same energy for all
hadron-nucleus systems, as was first recognized in earlier work [144,145]. This
feature of the data led to the “wounded nucleon” model of Bialas, Bleszynski
and Czyz [146]. The range in N, over which this scaling is shown to apply is
extended significantly by the PHOBOS charged particle multiplicity in d+Au
collisions versus centrality.
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Fig. 13. Ratios of total particle multiplicity data for a wide range of hadron-nucleus
[143], and nucleus-nucleus collisions [49,138] over the multiplicity in pro-
ton(antiproton)-proton interactions [147-149,142] are plotted versus the number of
participating nucleons. The denominator for interactions induced by mesons, pro-
tons, or deuterons is proton-proton data at the same center-of-mass energy. For
Au+Au interactions, the denominator is proton(antiproton)-proton data at twice
the center-of-mass energy. The error bars include both statistical and systematic
effects. Furthermore, they are partially correlated due to common errors in N*P.
Note that all the data fall on a common line with a slope of 1/2 (as expected since
p+p has two participants) and zero intercept.

A similar analysis of Au+Au data for collisions at ,/5,,=19.6 GeV and
200 GeV is shown in the main part of Fig. 13 [138]. As for the hadron-nucleus
data, the points fall along the line, exhibiting scaling of the total multiplicity
with the number of participant pairs, but in this case multiplied by p(p)+p
data at twice the center-of-mass energy [142,147-149]. A particularly striking
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feature, as discussed in Section 4.1, is the fact that, for all these systems and
energies, the total number of charged particles is directly given by the number
of participant pairs times the number seen in p+p after accounting correctly
for the energy carried away by the leading baryon.

This continuation of the previously-observed approximate N, scaling, which
is now seen to apply to all systems and over an expanded range of energies
from /s below 10 GeV to the highest at RHIC, represents one of the more
surprising features of particle production at RHIC.
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Fig. 14. Distributions of normalized pseudorapidity densities of charged particles
emitted in Au+Au collisions at two energies and two ranges of centrality [44]. The
data have been divided by the average number of pairs of participating nucleons for
each energy and centrality range. The centrality is designated by the fraction of the
total inelastic cross section, with smaller numbers being more central. Systematic
errors are omitted for clarity. Statistical errors are smaller than the symbols.

4.8 Centrality dependence of pseudorapidity distributions

It should be stressed that the universal N, scaling of the total number of par-
ticles produced in Au+Au collisions does not result from rapidity distributions
whose shape is independent of centrality, or Np4,. The rapidity distributions
do depend on both centrality and on the nature of the colliding systems, as
is evident from Fig. 14 for Au+Au [44] and Figs. 15 and 16 for d+Au [138].
However, the dependence of the shape on centrality, as first reported in [150],
is very specific.
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Fig. 15. Distributions of pseudorapidity densities of charged particles emitted in
d+Au collisions at /s, , =200 GeV for a variety of centralities [138,57]. The positive
pseudorapidity direction is that of the deuteron. The centrality is designated by the

fraction of the total inelastic cross section, with smaller numbers being more central.
Grey bands indicate the systematic uncertainties (90% C.L.).

The Au+Au pseudorapidity distributions shown in Fig. 14 appear to exhibit a
sort of incompressibility in rapidity space. Thus, a reduction in the number of
particles at midrapidity is balanced by a similar increase of the number of par-
ticles at high rapidities, with the total number remaining constant. Obviously,
moving particles around in rapidity changes the total longitudinal energy in
the system. If the total energy available for produced particles depends only
on the number of participants, energy must be conserved by changes in the
distribution of transverse momentum.

The centrality dependence of pseudorapidity distributions in asymmetric sys-
tems can be studied using PHOBOS data for d4+Au collisions as shown in
Figs. 15 and 16 [57,138]. With increasing centrality, an increase in particle
production (see Fig. 15) and a significant change in shape of the distribu-
tions (see Fig. 16) is observed. It should be stressed that the appearance of a
“double-hump” structure in the d+Au distributions is primarily due to the ef-
fect of the Jacobian associated with the transformation to dN/dn from dN/dy
(see related discussion in Section 4.5.3). Although the shape changes in a non-
trivial way, the integral of these distributions, when extrapolated to full solid
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Fig. 16. The data of Fig. 15 are shown but in this case divided by the average
number of participant pairs in each centrality bin [138]. Systematic errors are not
shown.

angle, is found to be proportional to the number of participating nucleons, as
was shown for many systems and energies in Section 4.2.

The comparison of total particle multiplicity in d+Au and p+p can be ex-
tended by studying the ratio dN/dn(d+Au)/dN/dn(p+p) as a function of
pseudorapidity, as shown in Fig. 17 [138,142]. The main panel of the figure
shows this ratio for various d+Au centralities, as a function of pseudorapidity.
The inset and the arrows at the lower right demonstrate that, as was seen in
p+A at lower energy [143,145,151-153], the data are consistent with a picture
in which the density of produced particles which have a rapidity in the vicin-
ity of the incident deuteron (gold) is proportional to the number of deuteron
(gold) participants. The data suggest that the overall rapidity distribution,
not just the integral of the distribution, is strongly influenced by the collision
geometry.

In light of the discussion of particle production as a function of available
energy in Sect. 4.1, one might initially expect the ratio at positive rapidity
in Fig. 17 to increase faster than the number of deuteron participants. This
is because each deuteron participant interacts with multiple Au participants
and is therefore “Au+Au-like”, while each Au participant suffers far fewer
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Fig. 17. The main panel shows the distributions of pseudorapidity densities of
charged particles emitted in d4-Au collisions with /5, =200 GeV at various cen-
tralities [138] (see Fig. 15) divided by the distribution for inelastic p+ p collisions at
the same energy [142]. The positive pseudorapidity direction is that of the deuteron.
Centralities are labeled by the fraction of total inelastic cross section in each bin,
with smaller numbers being more central. The lower and upper arrows on the right
show the average number of participants in the deuteron for the most peripheral
(80-100%) and most central (0-20%) bin, respectively. The inset shows the values
averaged over several bins in negative pseudorapidity plotted versus the average
number of participants in the Au nucleus for the five centrality bins.

collisions and is therefore “p+p-like”. Recall that the normalized multiplicity
per participant pair in Au+Au collisions was higher than that in p+p collisions
at the same center-of-mass energy. However, it is important to keep in mind
that the detailed shape of the distribution, not just the relative height at the
two ends, is a complicated function of centrality. For example, it has long been
known that in p+A collisions, the yield of all particles with rapidity within a
unit or so of that of the proton falls with increasing target mass [154]. Thus,
one should not expect conclusions from integrated yields to apply simply to
narrow fixed regions of pseudorapidity.
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The longitudinal properties of particle production, and in particular the de-
pendence on center-of-mass energy, are discussed in more detail in Sect. 4.5.

4.4 Comparison of Au+Au and other systems
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Fig. 18. (Top panel) The dN/dy,. distribution for charged particles emitted in e™+e~
collisions [156] is compared to the dN/dn distribution for charged particles emitted
in p+p [155] and the normalized dN/dn distribution for charged particles emitted
in the 3% most central Au+Au collisions [44]. All three systems are at /5, or /s
of 200 GeV. (Bottom panel) The Au+Au and p+p data are both shown divided by
a fit to the former [129].

Figure 11 showed that the total charged particle multiplicities in the et+e~
and A+A systems are very similar at a given center-of-mass energy, while those
for p+p are somewhat smaller. To expand the comparison of these three very
different systems, it is interesting to consider the full distributions in pseudo-
rapidity. However, this study is complicated by the fact that the shapes of the
Au+Au data vary dramatically with centrality (as is most clearly evident in
Fig. 14). Figure 18 compares dN.,/dn normalized by the number of partici-
pant pairs for the 3% most central Au+Au collisions [44] to inelastic data for
P+p [155] and the distribution of dN.,/dy, (see definition in Appendix B.2)
in the et+e~ data [156], all at a /5., or /s of 200 GeV [129]. The bot-
tom panel of the figure demonstrates that the lower total multiplicity seen in
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p+p results from a pseudorapidity distribution that is suppressed by roughly
a constant factor over all emission angles. The figure shows agreement in the
overall rapidity distribution between A+A and e™+e~. In comparing the two
distributions, one should keep in mind the centrality dependence in the shape
for Au+Au, as well as the difference between dN/dy, and dN/dn,. Studies
using JETSET [157] show that, for this data, the extracted dN/dy,. is about
10% larger than dN/dn, for |y.,.| ~0 and about 10% smaller than dN/dn,. for
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Fig. 19. Pseudorapidity particle density near midrapidity as a function of energy
for p(p)+p, A+A and e"+e~ reactions (where the et +e~ density is dN/dy,., as
explained in the text). Data for p(p)+p and eT+e~ were extracted from results
compiled in [131]. Nucleus-nucleus data, shown for central collisions [44-56], have
been divided by the number of participating nucleon pairs. Note that midrapidity
particle densities are not available for lower energy p+p or et +e~ collisions, in the
latter case due to the lack of a well defined jet structure.

The similarity of the integrated multiplicity, as well as the shapes of the pseu-
dorapidity distributions, for et+e~ and the most central Au+Au data suggests
that there should be a similarity in the evolution of the midrapidity density
with collision energy, an expectation that is verified by the data. Figure 19
shows midrapidity particle density data from central heavy ion collisions [44—
56] and from elementary collisions compiled from references in [131]. This
additional close correspondence between the properties of central Au+Au and
et +e~ multiplicity data suggests that the agreement results from some un-
derlying feature of particle production, as opposed to being an accidental
coincidence. In particular, an understanding of why the shape of the pseudo-
rapidity distribution for Au+Au collisions approaches that of et +e~ for more
central interactions might prove particularly enlightening.

The arguments presented in Sect. 4.1 concerning total charged particle multi-
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plicities should not be interpreted to imply that all observables in A+A will
match those in p+p at a factor of two higher /s. The midrapidity particle
densities provide an instructive counterexample. Since the same total number
of particles in p+p at a higher /s are distributed over a broader range of
pseudorapidity (see, for example, the top panel of Fig. 21), a factor of two
shift in the p+p center-of-mass energy obviously cannot result in midrapidity
densities equal to those measured in A+A. An examination of Fig. 19 reveals
that the data confirm this expectation.
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Fig. 20. Antiproton to proton ratios near midrapidity as a function of /s for
p(p)+p collisions (open symbols) [158-162] and central A+A collisions (filled sym-
bols) [91-94,54,95,96]. Error bars include both statistical and systematic errors.

A less trivial counterexample is illustrated in Fig. 20 which shows ratios of
the yields of antiprotons over protons emitted near midrapidity in p(p)-+p,
as measured by PHOBOS at RHIC [158] and experiments at other energies
[159-162], and in A+A collisions [54,91-96] as a function of | /5. The ratios
for d+Au at ,/5,,=200 GeV [100] (discussed in Sect. 2.2.1 and shown in
Fig. 5) are consistent with the value shown on the figure for p+p. As discussed
in Section 2.2, the relevant physics for understanding this ratio involves the
interplay of baryon transport and antibaryon-baryon pair creation. In this
case, in contrast to the situation for particle multiplicities, it is clear that
the ratios for the nucleus-nucleus data are comparable to those in nucleon-
nucleon collisions at significantly lower center-of-mass energies. Although this
result may not be unexpected given the larger baryon rapidity loss in A+A
as compared to p+p, it serves to illustrate the importance of a systematic
study to unravel the dynamical differences between the simpler and more
complicated systems.
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Finally, the extraction of nuclear modification factors, R44, requires the ex-
plicit use of a p+p reference spectrum. The conventional choice is to use
minimum bias data from inelastic interactions of p+p at the same collision
energy, and all of the PHOBOS analyses have adhered to this standard. On
the other hand, it was shown in Fig. 19 of this section and Fig. 11 of Sect. 4.1
that the charged particle multiplicity per participant (both at midrapidity
and integrated over all solid angle) is larger in A+A than in p+p at the same
energy. At /s values of 200 GeV and above, it is known that the p,. spectra
in p+p events with higher than average total multiplicity fall off less steeply
than those for minimum bias events [163-165]. It should be stressed that we
do not claim that an alternative p+p reference spectra is in any way inherently
more appropriate. However, since the physics that determines the shapes of
the transverse momentum spectra in p+p and A+A is not fully understood,
such an alternative comparison could prove instructive. Therefore, one should
keep these ambiguities in mind when interpreting data for the R-factors, par-
ticularly the specific value of the factors at large transverse momentum.

It should be noted that, although the relative yield at low and high p,. changes
with multiplicity in p+p collisions, there is evidence that the change in shape
is relatively small above p,. ~2 GeV /c [165]. In addition, the question of what
p+p reference spectrum to use does not affect modification factors such as
Rg’é‘” which directly compare A+A at different centralities. Therefore, any
possible ambiguities in nuclear modification factors due to the variation of the
p, distribution with multiplicity in p+p do not significantly impact any of the
conclusions presented in this paper.

Of course, for very peripheral A4+A collisions, all observables must evolve to
match those in p+p (or, to be exact, the appropriate mix of p+p, p+n, n+p,
and n-+n) collisions at the same /s. The current PHOBOS analysis of Au+Au
collisions typically spans a range of impact parameters corresponding to a vari-
ation in the average number of participants in each centrality bin of more than
a factor of 5-6, i.e. from roughly 60 up to 350 or more. One remarkable aspect
of this broad data set is that, over this range, the total particle multiplicity
deviates very little from its central value when suitably normalized by the
number of participants (see Fig. 12). The normalized pseudorapidity density
near midrapidity does vary and is tending towards the p+p value but is still
far above it for the most peripheral collisions studied to date (see discussion
in Sect. 4.6). The shape and magnitude of the transverse momentum distribu-
tions also vary but only slightly and they show little sign of tending towards
the p+p distribution (see Fig. 8). One can speculate that these deviations
between peripheral Au+Au and p+p collisions might result from the fact that
the number of collisions per participant (or the fraction of the participants that
are multiply struck) rises extremely rapidly with decreasing impact parameter
for these most grazing collisions (See Appendix B.1 and Fig. B.2).
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In summary, comparisons of data for A+A and more elementary systems re-
veal an intriguing array of similarities and differences. Clearly, it is not possible
to describe A4+A collisions as trivial combinations of any other simpler sys-
tems. Rather than assuming that a single data set, such as p+p data at the
same /s, , can serve as an ideal “reference” set for interpreting the complete
dynamics of A+A interactions, the properties of a variety of systems should
be studied over a range of energies and centralities to elucidate the similari-
ties and differences among them. Such a study will lead to a more complete
understanding of the salient features of the underlying physics, especially how
the characteristics of the exciting regime of high energy density created in
central Au+Au collisions at RHIC energies relate to those for other types of
interactions.

4.5  FExtended longitudinal scaling

This section describes several features of the pseudorapidity dependence of
observables in a variety of systems. In particular, the distributions of particle
yield and elliptic flow are found to be largely independent of center-of-mass en-
ergy over a broad region of pseudorapidity when shifted by ypeamn and thereby
effectively viewed in the rest frame of one of the colliding particles. In ad-
dition, no evidence is found for a broad region near midrapidity displaying
the characteristic constant value of observables expected for a boost-invariant
scenario.

4.5.1 Longitudinal dependence of particle production: Elementary systems

Before considering the energy dependence of pseudorapidity distributions in
heavy ion collisions, it is instructive to review the extensive literature devoted
to interpretations of, and expectations for, such distributions in simpler sys-
tems. A very general picture of elementary hadron-hadron collisions emerged
in the late 1960’s, consisting of two sources of particle production. This con-
cept led to the prediction of two types of scaling laws for the distributions of
final state particles in the regions of the longitudinal momentum space which
are either near to or far from the colliding partners.

Particles near beam and target rapidity were thought to be governed by the
“limiting fragmentation hypothesis” [166]. In this model, the momentum dis-
tribution of particles of species “i” in the rest frame of one of the original
colliding hadrons (commonly denoted with a prime to distinguish it from
the center-of-mass frame), E;d®N;/dp, or equivalently d*N;/p,dy'dp..do, be-
comes energy-independent at high enough collision energy. The central con-
cept is that the “projectile” hadron, when seen in the frame of the “target”,
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is Lorentz-contracted into a very narrow strongly-interacting pancake which
passes through the target. This interaction leaves behind a complicated ex-
cited state whose properties do not depend in detail on the energy or even
identity of the projectile, and which then “fragments” into a final state dis-
tribution of particles, E;d®N;/dp™. It was generally assumed that this process
produced particles primarily in a restricted window of rapidity around y'=0,
possibly even leading to a complete lack of particles at midrapidity in a very
high energy hadron-hadron collision [167].

In contrast, particles near midrapidity in the center-of-mass frame were ex-
pected to form a rapidity plateau with a constant dN/dy, independent of en-
ergy and the nature of the hadrons in the initial collision [168,169]. Similarly,
in heavy ion collisions, a boost-invariant central plateau where “the initial
conditions ... are invariant with respect to [longitudinal] Lorentz transforma-
tions” (i.e. observables are independent of y) was predicted [87]. Furthermore,
the extent of this boost-invariant region was expected to grow with energy.

For elementary collisions such as p+p, and even et+e~, this general picture
failed completely. Instead, the extended longitudinal scaling, seen in the form
of x, scaling, pointed the way to the current view in terms of QCD, modeled
for instance in the widely used Pythia code [170]. This formulation generalized
the concept of “fragmentation”, which “describes the way the creation of new
quark-antiquark pairs can break up a high-mass system into lower-mass ones,
ultimately hadrons” [171]. It should be noted that energy independence, or
scaling, in E;d®*N/dp" (i.e. full “limiting fragmentation”) implies scaling of
both dN/dy" and dN/dz,,.

Figure 21 shows dN/dn' for p(p)+p collisions [155,172] and dN/d(y,-y;e) for
et+e~ collisions [173] (see Appendix B.2 for definitions). Lorentz boosts of
pseudorapidity, 7, are not as trivial as those of rapidity, but ' = 7 — Yream
(or 1 + Ypearn) approximates y'. Furthermore, as noted above, the limiting
fragmentation concept implies scaling in the full distribution, E;d®>N;/dp®.
Since 7' is just a function of (y', p,, m;), scaling in dN/dn' is also implied
directly. For these elementary systems, instead of a growing boost-invariant
plateau, an extended version of limiting fragmentation is found, which leads
to longitudinal scaling (energy independence) over more than four units of
rapidity, extending nearly to midrapidity. The entire system can be described
in terms of either string “fragmentation” or in terms of a parton cascade,
leading naturally to extended longitudinal scaling.

4.5.2  Longitudinal dependence of particle production: d+A and p+A

In the case of asymmetric systems, the concept of extended longitudinal scal-
ing can be explored separately in the rest frame of the two projectiles. Such
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Fig. 21. (Top panel) Distributions of pseudorapidity density of charged particles
emitted in p(p)+p collisions at a range of energies versus the variable 7 — Ypeam
[172,155]. (Bottom panel) Similar data for particles emitted along the jet axis in an
eT+e™ collision versus the variable y, — y; e, defined in Appendix B.2 [173]. In both
cases, when effectively viewed in the “target” rest frame, these collisions exhibit
longitudinal scaling (energy independence).

studies, applied to hadron-nucleus collisions, were of particular interest in the
1970’s [145]. The specific question was whether the region of rapidity in which
the particle yield is A-dependent expands with increasing collision energy [174—
176]. Many models predicted that an extended A-dependent region, indicative
of long-range order, should not occur. Instead, only a localized region near the
rapidity of the larger collision partner would be affected by the target mass,
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Fig. 22. A compilation of distributions of pseudorapidity densities of charged par-
ticles emitted in p+A and d+A collisions at a variety of energies[138,143,178,179].
Grey tracks are included in the distributions shown for emulsion data. The data are
plotted versus the variables 1+ target and 7 — Ypeam calculated using the rapidity of
the larger (left panels) or smaller (right panels) of the colliding species. Note that
the data at all energies and at both ends of the pseudorapidity range follow common
curves.

and further, the height and width of this region was expected to be indepen-
dent of, or at most weakly dependent on, beam energy. One prediction of these
expectations was that the integrated yield in p+A would approach the value
observed in p+p at high beam energies, since the small A-dependent region
would become increasingly unimportant [177]. Instead, to the surprise of many
people, a broad A-dependent region was observed, displaying characteristics
very similar to the extended longitudinal scaling observed in simpler systems
[141,143,151,153,178,179].

Pseudorapidity distributions from PHOBOS can be used to extend these stud-
ies to d+A collisions at RHIC energies. In Fig. 22, a compilation of pseu-
dorapidity density data for proton-+(nuclear emulsion) [178,179] and p+Pb
[143] at various energies is shown, together with PHOBOS data for d+Au at

Syy=200 GeV [138], with the centrality and normalization for the d+Au
results chosen appropriately. To be more specific, the d+Au pseudorapidity
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densities are divided by the number of participating nucleons in the deuteron
(by definition this would be unity for p+A). Furthermore, the d+Au centrality
bin was selected such that the ratio of the number of participating nucleons
in the Au nucleus to the number in the deuteron was equal to the number of
participating nucleons from the lead or emulsion in p+A. This latter quantity
is commonly denoted 7, the average number of collisions per participant in
the smaller projectile (see definitions in Appendix B.1). Fig. 22 clearly demon-
strates that extended longitudinal scaling also is manifested in d+A collisions
at RHIC energies.

4.5.83 Longitudinal dependence of particle production: Au+Au at RHIC
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Fig. 23. Rapidity densities of positive pions emitted in central collisions of Au+Au
(AGS and RHIC) [55,180] and Pb+Pb (SPS) [50] at a variety of beam energies.
Note that, in contrast to Fig. 1, yields in rapidity space are well represented by
Gaussians with no evidence for a broad midrapidity plateau.

The uniquely broad pseudorapidity coverage of the PHOBOS detector allows
similar studies to be performed for heavy ion collisions at RHIC energies.
At first the pseudorapidity distributions themselves, shown in Fig. 1, suggest
that dN.,/dn may develop a small boost-invariant central plateau, but these
plots are misleading for this purpose. Pseudorapidity is known to distort the
rapidity distribution for production angles near 0° and 90°. Demonstrating
this point, the rapidity distributions of positive pions measured by BRAHMS
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Fig. 24. Distributions of pseudorapidity densities of charged particles emitted in
Au+Au collisions at three energies and two centrality ranges [44] are plotted versus
7' = 1 — Ypeam (OF N+ Ypeam)- In the far right panel, data for positive and negative 7
have been averaged to generate data versus |1 — Ypeam- Systematic errors (identical
to those on Fig. 1) are not shown and statistical errors are smaller than the symbols.
Note that the data from all three energies follow a common curve.

[180], as well as similar data at lower energies [50,55], are all well represented
by Gaussian fits, as shown in Fig. 23. In short, there are no indications of
the existence of a broad boost-invariant central plateau in the final particle
distributions.

In Fig. 24, the data shown in Fig. 1 are effectively shifted to the rest frame
of one of the gold nuclei [44]. The data at both centralities show an extended
scaling with the longitudinal velocity in the rest frame of one of the projec-
tiles, identical behavior to that seen in simpler systems (see, for example,
[147,148,142,153]). Similar behavior in nucleus-nucleus collisions over a nar-
rower range in 7' was first observed by BRAHMS [181,182].

Figure 24 illustrates one example of how the scaling behaviors can be used to
infer the properties of particle production which lie outside the experimental
acceptance at large collision energies. If one accepts the assumption that the n/
distributions at all energies are identical in the region corresponding to larger
7, the data from lower energies can be used to constrain the extrapolation of
the higher energy data to the full solid angle. In addition, it should be noted
that the corrections to the PHOBOS multiplicity data depend strongly on
emission angle of the particles and also are significantly asymmetric between
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positive and negative pseudorapidities. The latter effect results primarily from
the offset of the PHOBOS magnet from the center of the interaction region
(see Fig. A.1). The good agreement seen when comparing particles emitted at
different angles and for both signs of pseudorapidity indicates the robustness
of the analysis procedure, as well as providing interesting physics insight.

Fig. 24 illustrates the observation that longitudinal scaling holds over an even
more extended range of pseudorapidity in these seemingly complex high energy
A+A collisions at RHIC. Based on the pseudorapidity distribution (and, as
will be discussed in following sections, elliptic flow and perhaps even HBT), no
evidence is seen in any hadron-hadron or ion-ion collisions for two energy inde-
pendent fragmentation regions separated by a boost invariant central plateau
which grows in extent with increasing collision energy. Thus, the expectation
from the boost-invariant description of the energy evolution of rapidity distri-
butions is not valid for heavy ion collisions either. In fact, there is no boost
invariant central plateau and, instead, the rapidity distribution appears to be
dominated by two broad “fragmentation-like” regions, whose extent increases
with energy. We call this effect “extended longitudinal scaling”.

4.5.4  Longitudinal dependence of elliptic flow: Au+Au at RHIC

In addition to the pseudorapidity distributions of yields of produced parti-
cles, longitudinal scaling can also be seen in the elliptic flow of particles pro-
duced in heavy ion collisions. As discussed in Section 3, the elliptic flow pa-
rameter, vo, provides a sensitive probe of the properties in the early stages
of the collision, one of which is the presence or absence of boost-invariance.
Boost invariant “initial conditions” (i.e. right after the collision) should lead
to a boost-invariant vy(y). Kinematic effects result in a difference between
v9(y) and ve(n), but the changes are small (<10% at 200 GeV to <20% at
19.6 GeV)[183,184]. The small magnitudes of these differences mean that they
do not affect the conclusions discussed here and that a boost-invariant sce-
nario (in rapidity) should also result in elliptic flow which is approximately
flat over a large region of pseudorapidity. In Fig. 25, the pseudorapidity de-
pendence of the elliptic flow parameter, v,, is shown for semi-central Au+Au
events at various energies [184]. Clearly, no boost invariant central plateau is
seen. Thus, there are no indications of the existence of a broad boost-invariant
central plateau in the final particle distributions or in the state formed shortly
after the collision, as reflected by vs.

In Fig. 26, the elliptic flow data from Fig. 25 are replotted effectively in the
rest frame of one of the gold nuclei. Once again the phenomenon of extended
longitudinal scaling is revealed, this time for vy [184]. As discussed above,
there is a small modification of the shape if vy is plotted versus rapidity in-
stead of 1 but this change does not significantly impact the comparison of
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Fig. 25. Pseudorapidity dependence of elliptic flow of charged particles for the 40%
most central collisions of Au+Au (average number of participating nucleons indi-
cated) at a variety of beam energies [184]. Note the linear fall-off at higher |n| and
the lack of evidence for a constant value over a broad midrapidity region. Boxes
indicate systematic uncertainties (90% C.L.).

different energies. There appears to be a single universal curve governing the
elliptic flow as a function of " over a broad range down to midrapidity at each
energy studied. This extended longitudinal scaling behavior of elliptic flow in
Fig. 26 has further implications since elliptic flow builds up early in the col-
lision. Therefore, the dependence on the location in 1’ space must reflect the
conditions very shortly after the collision, and then these early conditions lead
to the measured elliptic flow.

4.5.5 Longitudinal dependence: Lessons from HBT

Particle interferometry, in the form of Hanbury-Brown Twiss (HBT) correla-
tions [185,186], provides an extra, although much more indirect, test of the
ideas of boost-invariance in heavy ion collisions. Since pions are bosons, they
constructively interfere when they are near to each other in phase space. Cor-
relation measurements in momentum space can therefore reveal the source
size in position space. In particular, HBT correlations are sensitive to the spa-
tiotemporal distributions of particles at thermal freeze-out (i.e. the point of the
last elastic interactions). See [187] for a recent review. Appendix B.3 contains
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Fig. 26. The flow data of Fig. 25 are shown in the top left (top right) panel versus
the variable 7' = 7 — Ypeam (7' = N + Ybeam) [184]. In the bottom panel, data at
positive and negative pseudorapidity have been averaged to give vo as a function of
|n]. These results were then plotted versus the variable 1’ = |1| — Ypeqm- As for the
particle densities shown in Fig. 24, the flow data at all energies follow a common
curve. In the case of flow, this curve holds over the entire range from beam or target
to midrapidity.

more details including a description of the source parameterizations. Most the-
oretical studies of HBT assume ideal (i.e. non-viscous) hydrodynamics and a
boost-invariant source which exhibits longitudinal Hubble flow (z = v,t, where
z and v, are the longitudinal position and velocity, respectively). These as-
sumptions simplify the coupled differential equations and allow the use of 2D
transverse expansion overlaid on the boost-invariant longitudinal expansion (a
scenario often called 2+1D hydrodynamics). While this basic hydrodynamic
picture was roughly successful in describing some aspects of the elliptic flow
(see Figs. 6 and 7), these models have failed to describe the HBT data from
RHIC [188-190].

The influence of a possible new phase on HBT measurements has a long history
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Fig. 27. Bertsch-Pratt parameters R,, Rs, and R;, and the ratio R,/Rs for n~ 7~
pairs emitted in central collisions of Au+Au at /5 of 200 GeV (left panels) and
62.4 GeV (right panels) as a function of pair transverse momentum k, [192]. For
comparison, data from STAR [193] (open stars) and PHENIX [194] (open crosses)
are presented at /s, =200 GeV. PHOBOS systematic errors are shown as boxes;
systematic errors from STAR and PHENIX are not shown.

[191]. Under the assumptions of boost-invariant hydrodynamics, the R,/R;
ratio should be large if a long-lived source is formed and should typically
be larger than v/2 in any case. Figure 27 shows the results of fits using the
Bertsch-Pratt parameterization, along with the R,/R; ratio from VSyn=62.4
and 200 GeV Au+Au collisions [192] (see Appendix B.3 for definitions). The
data at 200 GeV are compared to the results of other RHIC experiments
[193,194]. In contrast to expectations, the ratio of R,/ Rs appears to be close to
unity in heavy ion collisions. Similar results were found in heavy ion collisions
at lower energies (see references in [192]). The smallness of both R,/R, and
R; has come to be known as the “HBT puzzle”. It has been postulated that
relaxing the assumption of boost-invariance [195,196], or allowing non-zero
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Fig. 28. The rapidity source parameters for 77~ pairs emitted in central Au+Au
collisions at RHIC [192] and Pb+Pb collisions at the SPS [198]. This element of
the Yano-Koonin-Podgoretskii parameterization specifies the rapidity (in the nu-
cleus-nucleus center-of-mass system) of the source, Yy g p, from which the pions were
emitted. The abscissa of this plot is the average rapidity of the pions themselves.
The filled symbols are the measured data, the open symbols have been reflected
about midrapidity. The line with a slope of 1 is drawn to guide the eye.

viscosity [197], may resolve this discrepancy.

The detailed nature of the longitudinal properties of particle production can
also be explored by HBT measurements, in this case in a very direct way as
shown in Fig. 28. The data show the average rapidity of the source of the
pions (derived from the source velocity in the Yano-Koonin-Podgoretskii pa-
rameterization) as a function of the rapidity of the pions themselves [192]. A
clear systematic trend is observed, and again the results are very similar to
what was found at the SPS [198]. Under the simple assumption of all pions
being emitted from a single source located at the center of mass, the ordinate
of all points would be equal to zero. If, instead, the system consisted of a
series of independent sources at different rapidities (i.e. a strong longitudinal
position-momentum correlation) the points would fall on the line. The “local-
ity” revealed by HBT studies of pion correlations in rapidity space suggests
that the longitudinal distribution of particle properties is established very
early, with the subsequent evolution and freezeout having only short range
correlations in rapidity.
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4.5.6  Extended longitudinal scaling: Summary

To summarize this section, the data demonstrate that extended longitudinal
scaling, reminiscent of “limiting fragmentation” over a broad region of lon-
gitudinal momentum, seems to be a dominant feature of particle production
for all colliding systems. Based on all of the data, no evidence is seen in any
hadron-hadron or ion-ion collisions for two energy independent fragmentation
regions separated by a boost invariant central plateau which grows in extent
with increasing collision energy. The lack of a broad boost-invariant central
plateau is seen in both the final particle distributions and in the state formed
shortly after the collision as reflected by wve. It is difficult to reconcile this
with the common assumption that particle production at midrapidity results
from different physics than that in the fragmentation region, particularly at
the higher energies. Furthermore, the similarity of the longitudinal scaling of
both particle densities and elliptic flow suggests the possibility of some direct
connection between the two, implying that the final particle multiplicities also
result from the properties of the very early evolution.

A good way to appreciate the significance of these results is to consider what
would be observed in the detectors if a collider could operate its two beams at
different energies. For simplicity, the conventional RHIC designation for the
two counter-rotating beams, namely “blue” and “yellow”, will be used. If the
energy of the blue beam was set to a rapidity of 2, for example, the results
show that, as the rapidity of the yellow beam was increased up to a little
beyond 2, the particle density and elliptic flow seen in the detectors covering
the blue beam hemisphere would show a gradual increase and then reach a
limiting value. With the blue beam fixed at a rapidity of 2, the particle density
would not increase beyond this limiting value on the blue beam side even if
the yellow beam was set to infinite rapidity. The only way to further increase
the particle density or elliptic flow in the blue beam hemisphere would be to
increase the energy of the blue beam.

In p+p collisions, extended longitudinal scaling was understood to be a con-
sequence of zp scaling in string fragmentation (or, equivalently, in parton
cascades). No similar, widely accepted, explanation exists for the observation
of this behavior in the more complex p+A, d+A, and A+A collisions.

4.6 Factorization of energy and centrality dependence

The previous sections have described separately the dependencies of a variety
of observables on energy and centrality. These independent discussions may
have obscured the remarkable extent to which these two dependencies factor-
ize. This section will describe several aspects of PHOBOS data which display
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Fig. 29. Pseudorapidity density of charged particles emitted near midrapidity di-
vided by the number of participant pairs as a function of the number of participants.
Data are shown for Au+Au at collision energies of 19.6 and 200 GeV [49]. Data for
p(P)+p [155,199,172] measured at 200 GeV and an interpolated value at 19.6 GeV
are shown as open symbols. The grey ellipses show the 90% C.L. systematic errors.
The results of two models [101,74,201] and one parameterized fit [200] are shown
for comparison.

this phenomenon.

One simple example of factorization was revealed by the PHOBOS measure-
ments of the total charged particle multiplicity divided by the number of pairs
of participating nucleons in Au+Au collisions at three energies, from 19.6 to
200 GeV (see Fig. 12). The data for the different energies are separated by a
factor that is constant as a function of centrality. In other words, the central-
ity and energy dependence of the yield per participant in Au+Au collisions
factorize over the range of the two control variables. In this case, the factor-
ization occurs trivially, as the total charged particle yield per participant is
centrality-independent at all energies. Whether this factorization is a funda-
mental property of particle production in Au+Au collisions can be tested by
studying the yields per participant more differentially in pseudorapidity and
transverse momentum.

In Fig. 29, the pseudorapidity density of charged particles per participant

pair near midrapidity is shown as a function of centrality for collision ener-
gies of 19.6 GeV and 200 GeV [49]. Data for p+p collisions at 200 GeV and
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an interpolated value at 19.6 GeV are also plotted [155,172,199]. Over the
centrality range shown here, the normalized yield at midrapidity increases by
approximately 25% from mid-peripheral to central collisions. Early theoretical
explanations attributed this increase to the contribution of the hard compo-
nent of particle production, which would grow with the relative increase in
the number of binary nucleon-nucleon collisions in more central events. As
an example of such a superposition of soft and hard particle production, the
results of a HIJING calculation [101] are shown as dashed lines. The model
shows an increase in the yield per participant pair, although steeper than that
seen in the higher energy data.
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Fig. 30. Ratio of the pseudorapidity densities of charged particles emitted near
midrapidity for Au+Au at 200 GeV over 19.6 GeV as a function of the number
of participants [49]. The closed circle shows the ratio for collisions of protons. The
error bars include both statistical and 1-o systematic errors. The ratios for the same
two models and one fit shown in Fig. 29 are displayed for reference.

However, this explanation is challenged by the detailed study of the energy
dependence of midrapidity particle yields shown in Fig. 30, where the central-
ity dependence of the ratio of the data for 200 over 19.6 GeV is plotted [49].
Within the experimental uncertainty, this ratio is independent of centrality,
whereas the contribution from hard processes would be expected to show a
large increase over this collision energy range. This is illustrated by the HI-
JING prediction for this ratio (shown as a dashed line), which completely
fails to capture the factorization of energy and centrality dependence for the
midrapidity yield per participant. A similar result was found earlier (over a
smaller span in beam energy) using the centrality dependence of normalized
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midrapidity yields from Au+Au at ,/s5,,=130 GeV [46,48].

The results of an attempt to investigate the interplay of hard and soft scatter-
ing without invoking a complicated model are shown as dotted lines. In this
case, a very simplistic two component fit [200] was performed to separately
extract the fractions of the particle yield which scaled with the number of
participants (soft scattering) and the number of collisions (hard scattering).
A reasonably good fit to the data is found but the fitted parameters suggest
that, within the uncertainties, there would be an identical contribution from
hard scattering at both beam energies, a result which is totally unexpected
for minijet dominated physics.

Also shown in Figs. 29 and 30 is the result of a saturation model calculation
[74,201]. This model, which, as mentioned in Section 2.1, yields a reasonably
good match to the energy evolution of particle yields at RHIC energies, also
does a much better job of describing the centrality evolution than the HIJING
model.

Another example of non-trivial centrality dependence that is energy indepen-
dent was shown by the pseudorapidity distributions in Figs. 14 and 24. The
former showed that the shape of the distributions differed significantly as a
function of centrality. The latter demonstrated that the distributions at dif-
ferent beam energies were found to line up when plotted in the approximate
rest frame of one of the incoming nuclei, i.e. using the variable ' = 7 — Ypeam-
Thus, the shape evolution with centrality is independent of beam energy over
a very broad range in 7’.

Additional evidence for factorization is provided by the transverse momentum
distributions briefly mentioned in Sect. 3. In the absence of medium effects,
one would expect that the volume scaling (i.e. proportionality to Np.) ob-
served for the bulk production of hadrons turns into scaling with the number
of binary collisions (N.,;) when measuring reaction products of point-like hard
processes. This transition should be visible when studying particle production
as a function of transverse momentum. However, as is now known (see Fig. 8),
particle production at large transverse momenta seems to be significantly mod-
ified in the presence of the medium in heavy ion collisions. The strength of
this modification is more clearly illustrated in Fig. 31 which shows the nu-
clear modification factor for charged hadrons in six bins of p,, as a function of
Npart [84]- In the figure, yields at a given transverse momentum in collisions
of varying centrality were normalized by the number of participant pairs and
then divided by a fit to the same quantity in central data (see Appendix B.3
for definition). Data for p+p collisions from UA1 [164] are shown with the
same normalization factor. It is striking to see that the medium modification
results in charged particle yields that, over the centrality range studied here,
more closely scale with N4+ than with the number of binary collisions, even
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Fig. 31. Particle yield normalized by the number of participant pairs and then di-
vided by a fit to the central data (see definitions in Appendix B.3) as a function of
centrality for Au+Au collisions at ,/s,, =200 GeV, for six transverse momentum
ranges [84]. Bars and brackets show statistical and systematic uncertainties, respec-
tively. The solid (dashed) line shows the expectation for Nyt (Neo) scaling from
peripheral to central collisions. Squares show data for p+p collisions from UA1 [164]
with the same normalization factor.

for transverse momenta above 4 GeV /c.

The observation of N4 scaling at high transverse momentum suggests that
the medium is almost completely “black” or “absorbing” to produced fast
particles. This conclusion follows if one assumes N, scaling of the primary
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Fig. 32. Nuclear modification factors versus transverse momentum for Au+Au at
two beam energies and a variety of centralities [116] calculated using two different
reference distributions: (top row) Npgr¢/2 times p+p yields [202,203,164], or (bottom
row) the ratio of Np,+ times a fit to the distribution for central Au+Au. Filled
symbols are for /s, =62.4 GeV, open symbols are for 200 GeV. Bars and brackets
show statistical and systematic uncertainties, respectively. The grey bands in the
top row show the systematic error in the overall scale due to Njq¢. Centralities
are labeled by the fraction of total inelastic cross section in each bin, with smaller
numbers being more central and the number of participants at the lower energy are
indicated. The solid (dashed) line shows the expectation for Npgt (Ngoy) scaling
(See discussion in Appendix B.3). Note the small variations with centrality in both
the magnitude and shape of the ratios calculated using Np,,+ and also that R-factors
normalized using central Au+Au data (bottom row) are identical at the two beam
energies.

production throughout the entire volume of the collision zone followed by com-
plete absorption except on the surface. The volume to surface ratio (propor-
tional to the nuclear radius R or equivalently A'/3) has a centrality dependence
that is similar to the dependence for the ratio of the number of collisions to
the number of participants. However, since the centrality dependence of par-
ticle production is seen to be very similar at all transverse momenta, it is also
possible that the usual simplistic assumption of participant dominance at low
p, evolving into collision dominance at higher values needs to be reconsidered.

Data from the most recent RHIC run have been used to study the evolution
of the transverse momentum distributions as a function of both collision cen-
trality and energy. The measurements were performed near midrapidity at
collision energies of 62.4 GeV and 200 GeV [116]. In Fig. 32, particle produc-
tion as a function of centrality and p, is shown for these two energies in terms
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of R\%m and Rp%™ (Ref. [116] shows additional centrality bins). As defined

in Appendix B.3, Rgﬁf” shows the variation in the yield per participant pair

relative to p+p collisions [164,202,203] (upper row of Fig. 32) and Rﬁg” shows
the variation in yield per participant pair relative to central Au+Au collisions
(bottom row).

As discussed earlier, the range in p,. from a few hundred MeV /c to more than
4 GeV/c is assumed to cover very different regimes of particle production,
from soft coherent processes to independent binary scattering. Over the col-
lision energy range from 62.4 to 200 GeV, overall particle production in p+p
increases by less than a factor 2, whereas the yield at p,=4 GeV/c increases
by an order of magnitude. This clearly shows the change in the balance of
lower and higher transverse momenta particles, which presumably reflects the
different energy dependencies of soft and hard particle production in p+p col-
lisions over this energy range. For central Au+Au collisions however, the ratio
of the yields between 200 GeV and 62.4 GeV at p,=4 GeV/c is only about 4
(with a factor of 1.6 increase in the p_ -integrated multiplicity), i.e. the huge
increase in the yield of high p, particles in p+p is not reflected in Au+Au.

The top row of Fig. 32 clearly demonstrates that the overall shape and mag-
nitude of Rgﬁ‘”t depend strongly on beam energy and, to a lesser extent, also
on centrality. In particular, at both energies the yield per participant at any
given p,. changes by less than 25% over the centrality range from 60 to 340
participants, with an even smaller variation at the highest p,.. Even more sur-
prisingly, the comparison in terms of Rg’é‘”t in the bottom row of the figure
shows that the remaining variation of the yield per participant pair is the same
for both energies over the full p,, and centrality range. This means that the
energy and centrality dependences of particle production also factorize over
this entire range in energy, centrality, and p,. This is particularly striking, as
the factorization therefore covers both the bulk particle production at low p,,
as well as rare particle production at intermediate and high p,., believed to be
governed by different particle production mechanisms. In particular, at inter-
mediate p, above 1 GeV, particle production is thought to be influenced by
the effects of radial hydrodynamic flow, the p, broadening due to initial and
final state multiple scattering (“Cronin effect”), the balance between ‘soft” and
‘hard’ particle production, parton recombination and fragmentation, and the
in-medium energy loss of fast partons. All of these contributions to the overall
particle yields are expected to show distinctly different centrality and energy
dependencies at different p,,, yet the overall result is a factorization of energy
and centrality dependence at all p,, within the experimental uncertainty.

The observed factorization in the energy and centrality dependencies of trans-
verse momentum spectra, combined with similar observations for total and
midrapidity yields as well as the rapidity distributions, strongly suggests that
the data reflect the dominant influence of yet-to-be-explained overall global
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constraints in the particle production mechanism in A+A collisions.

5 Conclusion

PHOBOS data and results from the other RHIC experiments, combined with
very general arguments which are either model independent or depend on
fairly simple model assumptions, lead to a number of significant conclusions.

In central Au+Au collisions at RHIC energies, a very high energy density
medium is formed. Conservative estimates of the energy density at the time
of first thermalization yield a number in excess of 3 GeV/fm?, and the actual
density could be significantly larger. This is far greater than hadronic densi-
ties and so it is inappropriate to describe such a medium in terms of simple
hadronic degrees of freedom. Unlike the weakly interacting QGP expected by
a large part of the community before RHIC turn-on, the constituents of the
produced medium were found to experience a significant level of interactions.
If this medium is a new form of QCD matter, as one would expect from lattice
gauge calculations for such a high energy density system, the transition to the
new state does not appear to produce any signs of discontinuities in any of the
observables that have been studied. To the precision of the measurements, all
quantities evolve smoothly with energy, centrality, and rapidity. Although it
does not provide strong evidence against other possibilities, this feature of the
data is consistent with the results of recent lattice QCD calculations which
suggest that the transition from this novel high energy density medium to a
hadronic gas is a crossover.

An equally interesting result was the discovery that much of the data can be
expressed in terms of simple scaling behaviors. In particular, the data clearly
demonstrate that proportionality to the number of participating nucleons,
Npart, is a key concept which describes much of the phenomenology. Further,
the total particle yields per participant from different systems are close to
identical when compared at the same available energy; the longitudinal veloc-
ity dependences of elliptic flow and particle yield are energy independent over
a very broad range, when effectively viewed in the rest frame of one of the
colliding nuclei; and many characteristics of the produced particles factorize to
a surprising degree into separate dependences on centrality and beam energy.

All of these observations point to the importance of the geometry of the initial
state and the very early evolution of the colliding system in determining many
of the properties of the final observables. Future data at RHIC, most especially
collisions of lighter nuclei, as well as higher energy nucleus-nucleus data from
the LHC, will help to further evaluate the range of validity of these scaling
behaviors. It is possible that models which describe the initial state in terms
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of parton saturation will play a role in explaining some or all of these scaling
properties, but such an identification is not yet clear. What is clear is that
these simple scaling features will constitute an integral component or essential
test of models which attempt to describe the heavy ion collision data at ultra-
relativistic energies. These unifying features may, in fact, provide some of the
most significant inputs to aid the understanding of QCD matter in the region
of the phase diagram where a very high energy density medium is created.
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A The PHOBOS detector

Fig. A.1. The layout of the PHOBOS detector during the RHIC run in early 2004.
The beams collide at a point just to the right of the double-dipole magnet, the top
of which is not shown. The PCAL and ZDC calorimeters are drawn to scale but are
located about 3 times farther from the interaction point than shown.

The PHOBOS experimental setup is composed of three major sub-systems: a
charged particle multiplicity detector covering almost the entire solid angle,
a two arm magnetic spectrometer with particle identification capability, and
a suite of detectors used for triggering and centrality determination. More
details can be found in [204]. The active elements of the multiplicity detector
and tracking detectors in the spectrometer are constructed entirely of highly
segmented Si wafers with individual readout of the energy deposited in each
pad [205-207]. The layout of the experiment during the 2004 run is shown
in Fig. A.1. An enlarged view of the region around the beam collision point
is shown in Fig. A.2. Table A.1 lists the colliding systems, center-of-mass
energies, and data samples collected by PHOBOS during the first four RHIC
runs.

The Si pad detectors used to measure multiplicity consist of a single layer
covering almost the entire 47 solid angle. These detectors measure the total
number of charged particles emitted in the collisions, as well as detailed infor-
mation about their distribution in azimuthal and polar angle (or equivalently
pseudorapidity, 7). The Si modules are mounted onto a centrally located oc-
tagonal frame (Octagon) covering |n| < 3.2, as well as three annular frames
(Rings) on either side of the collision vertex, extending the coverage out to
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Fig. A.2. The elements of the PHOBOS detector in the vicinity of the beam collision
point.

In| < 5.4.

The Si modules forming the arms of the spectrometer are mounted on eight
frames. Depending on the trajectory, charged particles traverse between 13
and 16 layers of Si as they pass through the spectrometer. The first layer is
only 10 cm from the nominal interaction vertex. The magnet pole tips are
arranged to produce almost no magnetic field in the vicinity of the first six
layers. The field then rises rapidly to a roughly constant value of ~2 Tesla
for the remaining layers. The Si wafers are finely segmented to provide 3-
dimensional space points used in the track finding. The solid angle covered
depends on the vertex location along the beam direction and extends over
about 3/4 of a unit of n for any given vertex location, with a total coverage
of roughly 0 < n < 2. Each arm covers approximately 0.1 radians in azimuth
for particles that traverse all of the layers. The momentum resolution is close
to 1% for particles with momenta near 0.5 GeV/c and rises about 1% for each
additional 3 GeV/c.

Particle identification is provided using two techniques. Charged particle en-
ergy loss is measured in each Si layer. Combining this information with the
momentum from the tracking can separate pions from kaons out to about
700 MeV/c and pions from protons out to about 1.2 GeV/c. Additional par-
ticle identification is provided by two Time-of-Flight (TOF) walls, each con-
sisting of 120 plastic scintillator slats. Before the start of the 2003 RHIC run,
these walls were moved farther from the interaction point, extending particle
identification capability out to momenta roughly 2-3 times that achievable us-
ing energy loss in the silicon detector. In their new locations, the TOF walls
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RHIC | Colliding San Beam Dates of PHOBOS Total
Run | System Rapidity Data Taking Events (M)

Au+Au | 55.87 GeV 4.094 6/13/00-6/16/00 1.8%*

U | AutAu | 1304 Gev | 4.942 8/15/00-9/4/00 4.3
Au+Au | 1304 GeV | 4.942 7/8/01 0.044

Au+tAu | 2000 GeV | 5370 | 7/20/01-11/24/01 34
2| AutAu | 19.50 GeV | 3.044 | 11/25/01-11/26/01 |  0.76*

p+p | 200.0 GeV | 5.362 | 12/28/01-1/25/02 23

d+Au | 200.7 GeV | 5.370 1/6/03-3/23/03 146

3 p+p 200.0 GeV | 5.362 4/13/03-5/24/03 50
Au+Au | 200.0 GeV | 5.370 1/5/04-3/24/04 215

4 | AutAu | 6240 GeV | 4.205 | 3/24/04-4/2/04 22

p+p | 200.0 GeV | 5362 | 4/18/04-5/14/04 28

Table A.1

Summary of data collected by PHOBOS during the first four RHIC runs. Note
that event totals given in the last column represent the number summed over the
entire variety of triggering conditions, including minimum-bias events, interactions
occurring in a restricted range of the collision vertex, collisions selected to be more
central or more peripheral, and collisions satisfying the high-p,. spectrometer trigger.
Note that triggers for the Au+Auruns at 19.6 and 56 GeV (marked with *) had very
loose requirements on timing with the result that only a relatively small fraction of
the events were usable in the currently published analysis.

cover roughly half the azimuthal acceptance of the spectrometer.

Before the 2004 run, a small hadronic calorimeter (SpecCal) was installed be-
hind one of the spectrometer arms. Consisting of 50 lead /scintillator modules,
each 10 cm square by about 120 cm long, this detector can be used to measure
the energy of high momentum particles traversing part of the spectrometer ac-
ceptance.

The primary event trigger for all colliding systems was provided by two sets
of 16 plastic scintillator slats (Paddles) covering 3.2 < |n| < 4.5. Imposing an
upper limit on the time difference between the signals in the two arrays elim-
inated most beam-gas interactions and provided a rough selection of collision
vertex locations along the beam line. To enhance the data sample of useful
events, a more precise measure of vertex location was generated using two
arrays of 10 Cerenkov counters (T0s). This was necessary because the range
of vertex positions for which the multiplicity and tracking detectors have rea-
sonable acceptance is considerably shorter than that created by the overlap of
the colliding beam bunches. For different colliding systems, the T0 detectors
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could be moved to different locations along the beam line in order to opti-
mize the efficiency of the vertex determination while minimizing the number
of events with multiple particles traversing a single counter. A more precise
vertex location is found off-line using signals from the Vertex detector, which
is composed of two sets of two layers each of Si modules. With high segmenta-
tion along the beam direction, correlating hits in the inner and outer layer can
be used to determine the vertex along the beam line to an accuracy of better
than 0.4 mm. This detector also determines the height of the beam but with
limited resolution. The vertical position and horizontal position perpendicular
to the beam can be found using tracks from the spectrometer.

Colliding systems such as p+p or d+Au, which produce smaller numbers
of particles, have fewer events with tracks traversing the spectrometer. The
spectrometer trigger uses an additional array of scintillator slats (SpecTrig)
mounted between the tracking detectors and the TOF walls. Coincidences be-
tween the SpecTrig and TOF hit slats, combined with the vertex location from
TO, were used online to select events containing a high momentum track in
the acceptance of both the spectrometer and the TOF.

The Zero-Degree-Calorimeters (ZDC) have a cross-sectional area of 10x12 ¢cm?
centered on the direction of the beam and are located about 18 m from the
nominal interaction point. Particles hitting these detectors must first tra-
verse the initial RHIC accelerator magnet which separates the two counter-
circulating beams. Therefore, the ZDC signal results almost exclusively from
spectator neutrons which are not bound in nuclear fragments and whose trans-
verse momentum remains close to zero after the interaction. Due to the re-
sponse time of this detector, partly resulting from its long distance from the
collision point, it was not possible to use ZDC signals in the primary event
trigger for the bulk of the physics data. However, this device was used on-line
in special runs to check triggering efficiency for the other detectors and also
off-line in studies of centrality determination.

Similar to the ZDC, the Proton Calorimeters (PCAL) are located behind the
first accelerator magnets, but in this case next to the outer edge of one of
the beam pipes. The magnets bend spectator protons to an angle of more
than twice that of the beam particles so these protons will exit the beam
pipe and shower in the PCAL. As with the ZDC, only individual protons, as
opposed to those bound in clusters, can be detected. The PCAL is particularly
useful for studies of d+Au collisions. On the side of the outgoing deuteron,
the combination of PCAL and ZDC signals can be used to divide the event
sample into p+Au, n+Au, and d+Au subsets, i.e. events in which only one
or both of the incoming nucleons interacted. On the side of the outgoing Au
nucleus, the PCAL is primarily sensitive to protons knocked out of the Au,
which is a measure of the total number of collisions suffered by the interacting
nucleons in the deuteron.
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B Definitions of terms

In this section, detailed definitions are given for the important event and parti-
cle characterization parameters, as well as a number of the critical observables
used in the physics analysis.

B.1 FEvent characterization

In interpreting data from heavy ion collisions, the primary event characteri-
zation parameters are the energy of the collision and the overlap of the two
nuclei at the moment when they interact, commonly referred to as centrality.
In order to compare fixed target, colliding beam, symmetric, and asymmetric
systems all on a common footing, the collision energy is defined using the
center-of-mass energy available when a single nucleon from one projectile col-
lides with a single nucleon from the other projectile, ignoring Fermi motion.
The standard notation for this quantity is /S, referred to as the nucleon-
nucleon center-of-mass energy. For symmetric colliding beams, each of which
has the same energy per nucleon, /s is simply twice that value and the
nucleon-nucleon frame is also the lab frame. When colliding deuterons and
gold at RHIC, both beams were run at the same relativistic v (and therefore
the same rapidity) as the gold beams in the 200 GeV Au+Au collisions. The
mass difference caused by the binding energy is responsible for the fact that
the d+Au collisions are slightly asymmetric in the lab frame. The deuteron
has a total energy of 100.7 GeV /nucleon, only 0.7% larger than the gold beam
value of 100.0 GeV /nucleon. Consequently, the nucleon-nucleon frame does not
coincide with the lab frame, but the shift in rapidity is only +0.004 units. For
collisions of p+p, in contrast, the relativistic 7 (and hence the rapidity) were
adjusted in order to compensate for the small mass difference and, thereby,
to achieve the same /s of 200 GeV as for the highest energy Au+Au colli-
sions. At RHIC, data have been taken for a wide range of | /s (see Table A.1)
ranging from a value close to the maximum achieved at the SPS up to a value
more than 10 times larger.

A direct measure of the collision geometry is given by the impact parameter,
b, which is the transverse distance between the centers of the colliding heavy
ions. It is defined such that b = 0 for central collisions, see Fig. B.1.

In most physics analyses of heavy ion collision data at highly relativistic ener-
gies, the impact parameter is not considered particularly useful in character-
izing the important influence of geometry on the outcome of a given interac-
tion. Instead, two parameters which quantify the critical distinctions are used:
namely the number of participating nucleons, Np,,+, and the number of binary
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Fig. B.1. (Left panel) A side view in the nucleon-nucleon center-of-mass frame of
two relativistic heavy ions colliding. (Right panel) A view along the beam axis,
where the cross-hatched almond-like overlap region is indicated. The reaction plane
for a particular collision is the plane defined by the impact parameter, b, and the
beam axis (z).

nucleon-nucleon collisions, N,,;. In defining these variables, two important as-
sumptions are made. First, since the collision duration at such high energies
is very short compared to the typical time-scale for nuclear rearrangement or
movement of nucleons within the nucleus, it is assumed that only the nucleons
in the overlap region (the cross-hatched area in the right panel of Fig. B.1)
experience any substantial interactions (i.e. participate) in the collision. Sec-
ond, the collisions suffered by a given nucleon as it traverses the other nucleus
may not be distinct sequential events, and thus it may be most meaningful
to simply count the total number of collisions. For observables such as elliptic
flow which are sensitive to the shape of the initial overlap region, a third pa-
rameter, namely the spatial asymmetry of this region derived from the impact
parameter and the radii of the colliding nuclei, can be used.

In determining the number of participating nucleons, or equivalently the num-
ber of nucleons which interact, only those which are struck by nucleons from
the other nucleus (as opposed to ones which were hit only in secondary scat-
terings) are counted. This is the same quantity as “wounded nucleons” intro-
duced by Biatas, Bleszynski and Czyz [146]. In some publications, the notation
Nuwouna 1s used for what is herein referred to as Npq+ and the notation Npg
includes nucleons suffering secondary scatterings. When comparing PHOBOS
data with results from other experiments, care has been taken to use the
appropriate values. V,,+ depends on the collision geometry and is typically
calculated using a Glauber model of the collision. The key ingredients in this
calculation are (1) nucleons are distributed according to a nucleon density
function (e.g. Woods-Saxon), (2) nucleons in each nucleus travel in straight
lines through the colliding system, and (3) nucleons interact according to the
inelastic cross section, o, ,, as measured in proton-proton collisions. For the
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Fig. B.2. (Top panel) Npqr¢ and Neoy vs. impact parameter, b, for Au+Au collisions
at /55y =200 GeV. (Bottom panel) The average number of collisions, Ny, divided
by the average number of participant pairs versus Npy+ for Au+Au at a variety of
beam energies. See text for discussion.

energies at RHIC, the values assumed for o, were 33, 36, 41, and 42 mb
for /s, y=19.6, 62.4, 130, and 200 GeV, respectively. In all cases, the nucle-
ons were assumed to be hard spheres distributed according to a Wood-Saxon
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functional form of

N
P(R):R2(1+6(Ra—)> ,

where 70=6.38 fm and a=0.535 fm for all energies. The open circles in the top
panel of Fig. B.2 show an example of the results of such a model calculation
relating Ny, and impact parameter for Au+Au collisions at one of the RHIC
energies. The number of participants is usually assumed to have a strong
influence on the bulk properties of particle production but it is shown in the
physics sections of this paper that Np,: (or Npe/2) provides a convenient
benchmark to study the effects of the collision geometry on many measured
experimental quantities.

As introduced above, N.,; denotes the number of binary nucleon-nucleon col-
lisions in a heavy ion reaction. As in the calculation of Ny, only primary
collisions, i.e. those occurring along the straight-line trajectory of nucleons
through the opposing nucleus, are counted. This quantity can also be calcu-
lated in a Glauber model, with typical results being shown as closed circles in
the top panel of Fig. B.2. The yield from hard scattering (i.e. large momen-
tum transfer) processes is expected to scale as N For symmetric A+A col-
lisions, simple geometrical arguments imply that N.,; would scale as roughly
A*/3_ Thus, for collisions of more than two participants, the number of binary
nucleon-nucleon collisions is larger than the number of participants, with the
difference increasing dramatically for smaller impact parameters.

One possibly important aspect of centrality in heavy ion collisions which goes
beyond the simple increase in the number of participants or collisions is shown
in the bottom panel of Fig. B.2. There, the number of collisions is divided by
the number of participating pairs to derive the average number of collisions
suffered by each participant. A similar parameter, typically denoted v and
calculated from v = (Aoyy,)/0p4 where the o’s are inelastic cross sections, is
commonly used to characterize centrality or target dependences of observables
in p+A collisions [145]. In nucleus-nucleus collisions, the calculated average
number of collisions per participant varies by a large factor as a function of
centrality and also has some dependence on energy due to the varying nucleon-
nucleon cross section.

B.2 Particle characterization

In describing the trajectories of particles emitted in heavy ion collisions, a dis-
tinction is typically made between longitudinal (i.e. along the beam direction)
and transverse motion. The former may reflect some remnant of the original
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motion of the beam while the latter is largely generated in the interaction. The
physics variable typically associated with the longitudinal motion is rapidity,
denoted y and defined as y = 3 In((E +p,)/(E—p,)) = n((E+p,)/m,) with
E and p, being the total energy and the component of the particle’s momen-
tum along the beam, respectively, and m, being the transverse mass defined
below. Rapidity has the important property of being additive in Lorentz trans-
formations from one reference frame to another which differ by velocity along
the beam. Thus, the shape of the distribution of any quantity plotted versus
rapidity is the same in any such frame. Unfortunately, it is frequently difficult
to experimentally determine the particle identification, or in some cases even
the momentum itself, necessary to calculate rapidity. In such instances, it is
common to replace rapidity with pseudorapidity, denoted 1 and defined as
n = —In(tan(f/2)), where 6 is the polar angle to the beam axis. For particles
whose total momentum is large compared to their mass, i.e. for particles whose
velocity is close to the speed of light (5 = v/c ~1), the two measures are close
to identical, except for polar angles very close to zero. Since the produced
particles are typically dominated by pions whose transverse momentum alone
averages a few hundred MeV/c or more, the use of pseudorapidity is a quite
reasonable approximation. A variable frequently used in elementary collisions
is the Feynman z, variable given by the ratio of the momentum along the
beam to the maximum possible value, z, = p”/p”mw.

Another aspect of the distributions as a function of longitudinal velocity that
proves to be very interesting is the comparison of distributions at a variety of
beam energies but viewed in the rest frame of one of the projectile particles. For
distributions as a function of rapidity, this can be done exactly and trivially by
simply subtracting the rapidity of the beam from the rapidity of each particle.
In the case of pseudorapidity distributions, the transformation is not exact but
a reasonably close approximation is found using the shifted pseudorapidity,
denoted 7' and defined as ' = 1 — Ypeam, Where 7 is the pseudorapidity of a
particle and ¥peqm is the beam rapidity. The quantity Ypeam, Which is given by
sIn((E + p)/(E — p)) = In((E + p)/M) with E, p, and M being the energy,
momentum, and mass of the beam, respectively, is given in Table A.1 for the
various colliding systems and energies. Fermi motion of 300 MeV/c would
spread the nucleons out by typically ~0.3 units in rapidity.

The transverse motion is most often characterized using simply the compo-
nent of the momentum, denoted p,., that is perpendicular to the beam axis.
Occasionally, the so-called transverse mass, m, = ,/p2 + mi, is used where
myg is the rest mass of the particle. The use of this more complicated variable
is motivated by its appearance as the natural scaling parameter for particles
emitted by a thermal source. It can also be used to combine energy, transverse
momentum, and rapidity of a particle via the identity £ = m,. cosh(y).

The various particle characterization variables can be related using the fol-
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lowing identities:

p, = my sinh(y) = p, sinh(n).

For relativistic beam energies, p, ~ (y/s/2), and for y larger than about
1-2, sinh(y) = (e¥) /2 so that:

<|¥
N—

' =1 — Ypeam ~ In(z,) —In (

3

yl =Y — Ybeam = ln(xp) —1In (—T> 3

where M is the nucleon mass.

In the case of jets emitted in et +e~ annihilation, the motions of individual
particles along and transverse to the beam are not the most interesting quan-
tities. Instead, distributions are characterized by the trajectories of particles
relative to the jet direction, the so-called thrust axis. Since data exist most
frequently in the form of unidentified charged particles, the motion along the
thrust axis is traditionally defined using y,., the rapidity calculated using the
momentum parallel to the jet direction and assuming the pion mass. The re-
quired shift to compare different beam energies in a common frame, as was
done for y' or 7/, is not intuitively obvious. In this paper, the somewhat arbi-
trary choice was made to replace ¥peqm in the formulas above with ;e which
is the rapidity calculated using the center-of-mass energy combined with the
assumption of the proton mass. Therefore, the same shift was used in both
eT+e~ and p+p at the same /s.

B.3 Notation for observables

The most basic observable characterizing particle production is the total num-
ber of particles emitted. Two experimental hurdles complicate the extraction
of this number from the data. The first is that only charged particles are easily
detected. Although assumptions can be made concerning the ratio of charged
and neutral particles, the multiplicity data is almost always presented in terms
of the number of charged particles. Adjustments for the number of unobserved
neutrals is typically only done when needed in a specific calculation, for exam-
ple in the discussion of the energy density presented in Sect. 2.1. The notation
Nen(A+B) is used to denote the total charged particle yield, integrated over
all solid angle, in collisions of species A with species B. To date, PHOBOS has
measured N.,(d+Au) at a variety of centralities for one center-of-mass energy
and N, (Au+Au) over a broad range of both centrality and beam energy. Note
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that in all cases the multiplicity is defined to be “primary”, i.e. those particles
emitted in the initial interaction. Corrections are applied to the data to remove
all other “secondary” particles, which are created in weak or electromagnetic
decays of primary particles and interactions of primary particles with mate-
rial in the detector. The second complication in extracting total numbers is
that no detector can be fully hermetic, i.e. capable of detecting every single
particle emitted. As a result, it is always necessary to measure distributions
of particles and extrapolate into the unmeasured regions.

Because the PHOBOS multiplicity detector measures only the emission angle
of charged particles, the extracted distribution is the number of charged par-
ticles per unit pseudorapidity, denoted dN.,/dn. The experimental layout is
designed to minimize the amount of material between the collision vertex and
the active elements and, therefore, the cut-off in transverse momentum is low
and the losses of particles with low p,, are small. The correction for secondary
particles which are added to the total by decays or interactions in the mate-
rial is typically much larger than the correction for particles that are lost. In
addition, the very broad coverage in n provided by the PHOBOS setup results
in a relatively small extrapolation for particles emitted at small angles with
respect to the beam. Thus, PHOBOS can provide information about dN.,/dn
and N, which are unique at RHIC. As mentioned above, it is also interesting
to study particle distributions shifted into the rest frame of one of the pro-
jectiles. The shifted distribution, dN.,/dn’, can be used as a measure of the
charged particle pseudorapidity density as effectively viewed in the rest frame
of one of the colliding nuclei, although one should keep in mind that such a
shift is, in principle, associated with a small distortion of the distributions.

As discussed in the main body of this paper, the particle density is highest
near y or 1 of zero and, therefore, it is generally assumed that the potential for
creation of any new state of matter is also highest in that region. As a result,
the properties of observables “near midrapidity” are of particular interest.
For the midrapidity multiplicity distribution, the range chosen is £1 unit in
1 so the pseudorapidity distribution is averaged over this range to generate

chh/dnJ ‘77|§1'

In cases where the momentum and angle of the particles are measured, dis-
tributions in both transverse momentum and rapidity (or pseudorapidity in
cases without particle identification) can be generated. The transverse distri-
butions are commonly presented in a form which is Lorentz invariant given by
Ed3c/dp?®, with E and p being the total energy and vector momentum of the
particle, respectively. Since the interesting quantity is typically the number of
particles in a given event, i.e. the distribution that integrates to give multi-
plicity, this is more commonly expressed as invariant yield Fd®>N/dp?. When
integrating over all orientations of the reaction plane, azimuthal symmetry
can be assumed and the differential momentum volume can be expressed in
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cylindrical coordinates as dp® — 27rppopo”. Furthermore, the component
of the momentum parallel to the beam can be transformed using dp, = Edy
where y is the rapidity, resulting in the final form d*N/27p,dp,dy. When
using transverse mass, the transformation is trivial since p,dp, = m,dm,
and only the horizontal axis changes in the distributions. In cases without
particle identification, rapidity is approximated by pseudorapidity, yielding
d>N/2mp,.dp,.dn.

When comparing transverse momentum distributions for more complicated
systems to data from proton-proton collisions, one could simply take the ratio
of the two distributions as a function of p,. to study the change in magnitude or
shape. This ratio is called the nuclear modification factor since it is a measure
of the modification of the properties of the emitted particles resulting from the
presence of the nucleus in the interaction. In order to test specific theories of
how the yield should scale, the standard procedure is to normalize the A+A
(or, equivalently, scale the p+p) data by some factor. The resulting ratio
comparing collisions of species A with species B to p+p is typically denoted
R4 p defined as

1 dNayp/dp, 1 dNayp/dp,

Ruip = = .
AB = Norm dNpip/dp;.  Neou dNpip/dp,

The most common normalization, and the one usually indicated by the simple
notations Raa, Rgau, etc., is Ny as shown in the rightmost formula above.
This arises from the interest in studying the behavior of high transverse mo-
mentum particles and the belief that the yield from such “hard” processes
should scale with the number of binary nucleon-nucleon collisions. Analysis
by the PHOBOS collaboration has demonstrated that the number of pairs of
participating nucleons is often the more appropriate scaling variable. To avoid
confusion, ratios using this latter normalization are denoted

RNpa'rt — ]‘ dNA+B/de
4B Npart/2 dNpp/dp,

Note that a p+p collision has one pair of participants. This normalization will
be generically referred to as the number of participant pairs even in asymmet-
ric collisions.

It is frequently of interest to study the evolution of the shape and magnitude
of these distributions as a function of centrality for nucleus-nucleus collisions.
The most direct display of this evolution involves dividing data from one cen-
trality bin by that from a different bin. In this case, both distributions need
to be suitably normalized. The notation PC (CP) is used for ratios where pe-
ripheral (central) data is divided by central (peripheral). The PHOBOS col-
laboration has recently advocated the use of Rp¢ since different experiments
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have different reach in centrality and the central data typically have signifi-
cantly smaller statistical and systematic errors. In keeping with the convention
described above, the definitions with the different normalizations are

Neentral g N;De”ph dp
RP c = c;élmph central/ o
N dNGTB /dp,

coll

and
central perzph
RNpart _ Npa’l‘t A—|—B /d
periph central
Npart dN A+B /de

Note that the practical application of these definitions typically uses a fit to
the distribution that appears in the denominator in order to avoid propagating
statistical point-to-point fluctuations.

part

In the case of pure Ny scaling, R4p and Rpc would be unity while R, %
and RN”“” would be unity for perfect N4 scaling. The variation of R4p for
Npart scaling (see, for example, Fig. 8) or the variation of RNzt and R
for N scaling (see Figs. 31 and 32) depends on the ratio of Neyy to Npgrt.
Careful examination of the numbers in Tables C.2 and C.3 in Appendix C.1
reveals that, for a given centrality, this ratio depends slightly on beam energy.
When comparing data at 62.4 and 200 GeV, the difference is never more than
15%. For clarity, the dashed lines in Figs. 8 and 32 show only the value for
the lower beam energy.

Using an event-by-event measurement of the orientation of the two colliding
nuclei, the study of particle distributions can be extended to include a third
coordinate, namely the azimuthal angle. In relativistic heavy ion collisions, the
generic terms “directed flow” and “elliptic low” are used for the measurement
of anisotropy in the azimuthal distributions of particles relative to the reaction
plane. The reaction plane for a particular collision is the plane defined by the
impact parameter and the beam axis (b and z in Fig. B.1). In flow analyses, the
distribution of particles in the az