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Abstract. We present results from the PHOBOS experiment on charged hadron production over a large
range in pr, from Data from d+Au collisions at /syn = 200 GeV and Au+Au collisions at \/syy = 62.4
and 200 GeV are shown. The data indicate that in Au+Au collisions a strongly interacting state of matter
is formed, that appears qualitatively different from the system formed in pp or d+Au collisions. The
systematics of particle production in d+Au and Au+Au collisions exhibit remarkably simple scaling rules,
including an apparent factorization of the energy and centrality dependence over a wide range of collision

energies.

PACS. 25.75.-q, 25.75.Dw, 25.75.Gz

1 Introduction

The systematic survey of ultra-relativistic heavy ion col-
lisions over a wide range of collision energy and system
size has revealed many, sometimes unexpected, properties
of strongly interacting matter under extreme conditions:
at sufficiently high energies a dense, interacting medium
is formed early on in the collision process (see [1] and ref-
erences therein). In this paper we will show some of the
PHOBOS results that contributed to establishing these
conclusions. We will also discuss scaling rules that seem
to hold over a large range in collision energy and centrality
and that have not yet found an explanation in terms of dy-
namical models of the collision process. A more complete
overview of PHOBOS results can be found in [1].

# e-mail: rolandg@mit.edu

2 Charged hadron spectra in d+Au
and Au+Au at /syn = 200 GeV

One of the key pieces of evidence for the creation of a
strongly interacting state of matter in heavy-ion collisions
at RHIC is the suppression of the yield of high-pt hadrons
in Au+Au collisions, relative to expectations based on
scaling yields in pp collisions with N¢qy, the number of bi-
nary nucleon+nucleon collisions in a Au+Au collision [2].
This modification of the yield and momentum distribution
of particles resulting from initial hard scattering processes
has been called “jet quenching”. The effect was predicted
as the result of energy loss of high momentum partons in
the dense medium created early in a heavy-ion collision [3].
This phenomenon has been proposed as a diagnostic tool
for characterizing the parton density in the initial stage of
high-energy nuclear collisions.

The first results on high-pr spectra at RHIC left open
the question whether the observed effect is indeed related
to the presence of “matter” in the final state, or related to
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Fig. 1. Nuclear modification factor, Rga., as a function
of transverse momentum for d+Au collisions at /sy =
200 GeV, for four centrality ranges [7]. Centrality is expressed
as a fraction of the total inelastic cross section, with smaller
numbers being more central. Bars and brackets show statisti-
cal and systematic uncertainties, respectively. The shaded area
shows the uncertainty (90 % C.L.) in Rga, due to the sys-
tematic uncertainty in Ngoi and the scale uncertainty in the
proton-proton data. For comparison, the dark curve in the bot-
tom right panel shows the nuclear modification factor, R4, for
the 6 % most central Au+Au collisions at the same energy [26]
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possible initial state effects. Calculations based on initial
state effects were able to reproduce the observed magni-
tude of the high pt suppression relative to the expectation
of independent particle production [4].

In an effort to experimentally resolve the question as
to whether the high pt suppression was the result of ini-
tial state effects or the interaction of fast partons with the
dense matter produced in Au+Au collisions, RHIC deliv-
ered deuteron-gold collisions. In d+Au, initial state effects
for the nucleons in the deuteron traversing the Au nucleus
are still expected to be present, whereas no dense matter
is produced and therefore no final state suppression is ex-
pected [5]. The data are commonly shown in terms of the
nuclear modification factor, Rg., defined as:

ot A2 Nyay/dprdn
Neon) d?oy,p/dprdn

Riau = < (1)

Consequently, an approach based on initial state satura-
tion predicted a decrease in the nuclear modification factor
Raaq as a function of centrality by 25-30 % [4], whereas
perturbative calculations predicted an increase in Rga.
by 15% over the same centrality range [6], due to initial
state pr broadening.

The data on d+Au collisions [7-10] appear to provide
an answer to this question, as shown in Fig. 1, from [7].

Unlike in Au+Au collisions, the charged hadron and neu-
tral pion yields reach and exceed the binary collision scal-
ing limit, showing that the observed high pr suppression is
indeed connected to the presence of the dense, hot medium
produced in Au+Au collisions.

3 Identified hadron spectra
in 200 GeV d+Au collisions

The spectra of positively charged hadrons produced in
200 GeV d+Au collisions [11] are presented in Fig. 2 as
a function of transverse momentum (left) and transverse
mass (right). Particle identification was performed using
the PHOBOS Time-of-Flight detector. The data are av-
eraged over all centralities (the average number of binary
collisions is 9.7, due to the trigger bias of the online spec-
trometer trigger). These spectra are corrected for geomet-
rical acceptance and tracking efficiency, the bias of the
high-pr trigger, and the finite momentum resolution of
track reconstruction. Feed-down corrections for particles
originating from weak decays have not been applied to
these preliminary data. We estimate that this correction
is less than 20 % even at the lowest transverse momentum,
due to a strict cut on the distance between the collision
vertex and the projected track origin.

We observe that the spectra for all particle species
show a similar slope when plotted versus transverse mass.
The pion and proton yields agree for a given mt (“mr-
scaling”), with the kaon spectrum about a factor of two
lower. A strong violation of the transverse mass scaling
was measured in Au+Au collisions [12,13], as a conse-
quence of the strong radial flow that develops in heavy
ion collisions.
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Fig. 2. Invariant yields of positive charged hadrons as a func-
tion of pr (left) and mr (right) in 200 GeV d+Au collisions.

No feed-down correction was applied. Vertical bars show sta-
tistical and brackets show systematic errors
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When dividing the d+Au data sample into three cen-
trality bins (with average number of binary collisions of
5.6, 9.7, 14.5) we did not observe a significant variation
in the particle composition of the transverse momentum
spectrum.

4 Energy dependence of R4 4

In this section, we show data on the energy dependence
of the high-pr suppression seen in Au+Au data. Focusing
first on central events, Fig. 3 shows the nuclear modifica-
tion factor R44, defined in analogy to Rga,, for the 6%
most central Au+Au collisions at \/syn = 62.4 GeV for
four different values of pr ranging from 1 to 4 GeV/c. Re-
sults from pp collisions at the same energy [14] were used
in the calculation of R44. The 62.4 GeV results are com-
pared with results for charged hadrons at \/syny = 130
and 200 GeV. For pr = 2 GeV/c and above, we observe a
smooth decrease of Ra4 from 62.4 to 200 GeV in central
Au+Au collisions.

Also shown in Fig. 3 is Raa for 7° production in
Pb+Pb collisions at 17.2 GeV from WA9S, obtained using
three pp reference parametrizations [15-17], as well as 7"
data for 130 and 200 GeV from PHENIX [2,18]. The data
indicate that Raa for n° production at pr > 3 GeV/c
drops from Raq > 1 at \/syy = 17.2 GeV to Rq4 < 0.2
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Fig. 3. Nuclear modification factor Raa for central A+A
events, as a function of collision energy for pr = 1, 2, 3 and
4 GeV/c. Filled symbols show data for charged hadrons, open
symbols show 70 data. For the WA98 7° data, R4 4 is shown us-
ing three different parameterizations for the pp reference spec-
trum [15-17]; for pr = 4 GeV /¢, the arrow indicates the lower
limit on Raa. The error bars show the combined systematic
and statistical uncertainty obtained by interpolating the pr
dependence of Raa

at \/snn = 200 GeV, whereas the charged hadron pseudo-
rapidity density over the same energy range changes by
only a factor of two [19]. The data also show that, for the
pr range studied here, R44 for neutral pions is consis-
tently lower than for charged hadrons at the same collision
energy.

5 Factorization of energy
and centrality dependence

In the previous sections we have described separately the
dependencies of a variety of observables on energy and
centrality. In this section we will show that these two de-
pendencies factorize to a remarkable extent.

One simple example of factorization was revealed by
the PHOBOS measurements of the total charged particle
multiplicity, Nep, divided by the number of pairs of par-
ticipating nucleons in Au+Au collisions, at three energies
from 19.6 to 200 GeV [20]. The normalized multiplicity
was found to be independent of centrality for all energies.

A more striking example of factorization is shown
in Fig. 4, where we plot the pseudorapidity density of
charged particles per participant pair, near mid-rapidity,
as a function of centrality, for collisions at 19.6 and
200 GeV [19]. Data for pp collisions at 200 GeV and inter-
polated to 19.6 GeV are also plotted. Over the centrality
range shown here, the normalized yield at midrapidity in-
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Fig. 4. Pseudo-rapidity density of charged particles emitted
near midrapidity divided 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 [19]. Data for
pp or pp measured at 200 GeV and interpolated to 19.6 GeV
are shown as open symbols [19]. The grey ellipses show the
90 % C.L. systematic errors. The results of two models [21-23]
and one parameterized fit [29] are shown for comparison
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Fig. 5. Ratio of the pseudorapidity densities of charged par-
ticles emitted near midrapidity for Au+Au at 200 GeV over
19.6 GeV as a function of the number of participants [19]. The
closed circle shows the ratio for collisions of protons. The error
bars include both statistical and systematic errors. The ratios
for the same two models and one fit shown in Fig. 4 are dis-
played for reference

creases by approximately 25 % from mid-peripheral to cen-
tral collisions. Early theoretical explanations attributed
this increase to the contribution of the hard component of
particle production, which would grow with the relative in-
crease in the number of binary nucleon-nucleon collisions
in more central events. As an example of such a superpo-
sition of soft and hard particle production, the results of
a HIJING calculation [21] 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.

However, this explanation is challenged by the detailed
study of the energy dependence of mid-rapidity parti-
cle yields shown in Fig. 5, where the centrality depen-
dence of the ratio of 200 to 19.6 GeV data is plotted [19].
Within the experimental uncertainty, this ratio is inde-
pendent 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 en-
ergy 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 de-
pendence of normalized midrapidity yields from Au+Au
at \/syny = 130 GeV.

Also shown in Fig. 5 is the result of a saturation model
calculation [22,23]. This model, which 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 an energy-independent, non-
trivial centrality dependence is seen in the comparison of
charged hadron pseudo-rapidity distributions, when plot-
ted in the approximate rest frame of one of the incoming
nuclei, i.e. using the variable " = ) — ypeam. The distri-
butions are found to agree over a broad range in n’ [24].

Additional evidence for factorization is found in the
transverse momentum distributions. In the absence of me-
dium effects, one would expect that the volume scaling
(i.e. proportionality to Npar) observed for the bulk pro-
duction of hadrons turns into scaling with the number
of binary collisions (No1) when measuring reaction prod-
ucts of point-like hard processes. This transition should be
visible when studying particle production as a function
of transverse momentum. As discussed earlier, particle
production at large transverse momenta appears strongly
modified in the presence of the medium produced in heavy
ion collisions.

Data from the most recent RHIC run have been used to
study the evolution of the transverse momentum distribu-
tions as a function of both collision centrality and energy.
The measurements were performed near midrapidity at
collision energies of 62.4 and 200 GeV [25].

It has been previously noted that the observed strong
centrality dependence of Raa at /syy = 200 GeV cor-
responds to a relatively small change in the yield per
participating nucleon [26] between peripheral and central
Au+Au collisions. These observation leads us to define

esre _ Oy’ d*Naa/dprdy
AA <Npart/2> dQO-PP/dedn ’

(2)

where we now scale the reference spectrum by Npar/2,
rather than No. The centrality, pr and energy depen-
dence of RZZ‘“ is shown in the middle row of Fig. 6 for
collisions at 62.4 and 200 GeV. Over the range of pr stud-
ied here, the yield per participant pair shows a variation of
only ~ 25% from peripheral to central collisions for both
collision energies.

This centrality independence is further illustrated in

the bottom row of Fig. 6. The quantity Rg"c"‘”, defined as

RNpart _ <N}())a;(t5%> dQNAA/dedn
PO Noan) NG Jdprdy’

(3)

is shown as a function of pr for the six centrality bins.
Rgg‘”t measures the change in yield per participant pair,
relative to a fit to the central data. Normalizing to the cen-
tral, rather than the peripheral, data has the advantage
that the results are more easily compared among differ-
ent experiments with different ranges in centrality, while
providing the same information in comparisons with the-
oretical calculations. Data are shown for collisions at 62.4
and 200 GeV. This plot again shows the small variation
of the yield per participant pair from peripheral to central
collisions. Furthermore, it demonstrates that the modifi-
cation of the yield from peripheral to central collisions is
the same for both energies, for pr up to 4.5 GeV/e¢, within
experimental uncertainties of less than 10 %. This striking
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Fig. 6. Ratio of pr distributions from Au+Au collisions to various reference distributions at \/syn = 62.4 GeV (filled symbols)
and 200 GeV (open symbols). Data are shown in six bins of centrality, ranging from (Npart) = 61 to 335 for 62.4 GeV collisions.
The top row shows the nuclear modification factor Raa, i.e. the ratio relative to proton-(anti)proton collisions scaled by (Necon).

The grey band shows the uncertainty in Neon. The middle row shows R,

NP‘"‘”, which uses proton-(anti)proton spectra scaled by

(Npart/2). The bottom row shows Rgg‘“t, using a fit to central data scaled by (Npart/2) as a reference. The dashed line in the
middle and bottom rows indicates the expectation for (Ncon) scaling at /snn = 62.4 GeV relative to the reference distribution.
Systematic uncertainties for all plots are shown by brackets (90 % C.L.)

agreement can be compared with the much larger varia-
tion of R4 as a function of energy, centrality and pr.

Particle production at pr > 1 GeV/c in heavy-ion col-
lisions is expected to be influenced by the interplay of
many effects. This includes pr-broadening due to initial
and final state multiple scattering (the ‘Cronin effect’),
the medium-induced energy loss of fast partons, and the
effects of collective transverse velocity fields and of parton
recombination [27]. The relative magnitude of these effects
at 62.4 GeV is not yet known and will require further in-
vestigation. However, all these processes are expected to
exhibit distinctly different dependences on collision energy
and centrality. Yet, the results demonstrate, within the
experimental uncertainties, a surprisingly clean factoriza-
tion of the energy and centrality dependence of charged
hadron yields in the intermediate pp-range studied here.
This factorization of energy and centrality dependence is
also a characteristic feature of total and differential par-
ticle yields [19,20] and of multi-particle correlation mea-
surements such as Bose-Einstein correlations [28].

In summary, the PHOBOS results on high-pr charged
hadron spectra are consistent with the picture of a
strongly-interacting medium being formed in Au+Au col-

lisions. Furthermore, the observed factorization in the en-
ergy and centrality dependencies of transverse momentum
spectra, combined with similar observations for total and
mid-rapidity yields as well as the rapidity distributions,
strongly suggests that the data reflect the dominant in-
fluence of yet-to-be-explained overall global constraints in
the particle production mechanism in A+A collisions.
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