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The PHOBOS detector, one of the two small experiments at RHIC, focuses
on measurements of charged particle multiplicity over almost the full phase space
and identified particles near mid-rapidity. Results will be presented from the
early RHIC gold-gold runs at nucleon—nucleon center of mass energies of 56 and
130 GeV as well as the recently concluded run at the full RHIC energy of 200 GeV.
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1. Introduction

PHOBOS is one of the two small experiments included in the first round
of data-taking at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory. The two areas of physics focus are charged-particle
multiplicity over all of phase space and identified particle studies near mid-
rapidity. The collaboration has two primary goals. The first is to perform
measurements of numerous basic observables quickly and accurately as each
new beam or energy condition is provided by RHIC. This early information
would determine the global characteristics of the systems being created. The
initial studies would be followed by more detailed investigations exploiting
the unique features of the PHOBOS detector which include the ability to col-
lect a large unbiased event sample, the large segmentation and phase-space
coverage for charged particle multiplicity, and the ability to extend particle
measurements to low transverse momentum. In addition, the detector was
designed to have relatively low mass as well as particle measurements start-
ing very close to the beam pipe, resulting in high resolution and minimal
backgrounds.

This talk will present a sampling of PHOBOS physics results on both
multiplicity and identified particles. The former will include several measure-
ments taken during the recently concluded first run of gold—gold collisions
at the full RHIC energy. Ongoing analyses and future possibilities will also
be discussed.

2. Experimental details

2.1. Detector setup

The full PHOBOS experimental configuration, shown in Fig. 1, was com-
pleted in early 2001. It includes trigger detectors, a multiplicity array, and
a two-arm spectrometer [1-4]. One of the unique features of the PHOBOS
setup is the presence of a 1 mm thick Be beam-pipe which extends the full
length of the experimental area, =6 m. This results in very small absorption
and scattering of the primary particles as well as minimizing production of
secondary particles. To further reduce these background effects, the first
layers of each detector component were mounted as close as possible to the
beam-pipe.

The primary event trigger and off-line centrality determination were pro-
vided by two arrays of 16 scintillators (“paddle counters”) located at distances
of £3.21 m from the nominal interaction point. These counters subtended
pseudorapidities between 3 < |n| < 4.5. The minimum-bias trigger for gold—
gold collisions required hits in both counters within a time window consistent
with an interaction near the nominal intersection point.
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Fig.1. PHOBOS detector setup for the 2001 running period.

Another important component of the event characterization concerns
determining the location of the interaction along the beam pipe. For some
of the data taken in the 2001 RHIC run, an online trigger on Vertex location
was provided by a set of special T0O counters installed in front of the Cerenkov
counters near the end of the Be beam pipe. For off-line analysis, a high
precision interaction location is provided by the Vertex detector consisting
of two sets of two layers of Si wafers, one above and one below the beam pipe.
Data from this counter also were used in extracting multiplicity information.

Two zero-degree calorimeters (located at distances of £18.5 m along the
beam, not shown in the figure) which are sensitive to spectator neutrons are
a feature common to all four experiments at RHIC. These were used in some
of the off-line analysis of the present data.

The multiplicity counter has two major components, an octagon-shaped
array of Si wafers arranged parallel to the beam pipe near the interaction
region, and a set of 6 ring counters (3 on each side) arranged perpendicular
to the beam pipe at distances up to about 5 m away. This detector provides
almost full coverage for charged particles out to a pseudorapidity of about
5.4 units.

The spectrometer also is constructed of Si detectors mounted in 2 sym-
metric horizontal arms on either side of the beam. Depending on trajectory,
particles traverse up to 16 layers of Si sensors. The two arms are located be-
tween the poles of a conventional double dipole magnet (bottom half shown
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in the figure). The magnet is designed to generate very little field in the
first 6 planes of the spectrometer followed by a rapid rise to a roughly con-
stant 2 T field for the remainder of the layers. The spectrometer sensors are
finely segmented in the horizontal, bend-plane direction and also segmented
vertically to assist in separating close tracks. These detectors provide both
hit locations for tracking and also energy loss information used in particle
identification. To extend the particle identification to higher momentum,
one arm of the spectrometer included 2 sets of time-of-flight walls, each
consisting of 120 scintillator slats (8 mm square).

2.2. Si detector performance

The majority of the physics measurements performed by PHOBOS re-
sult from data taken with the approximately 137 000 channels of Si detectors.
The quality and stability of those detectors as well as the detailed under-
standing of their characteristics are critical to the success of the experiment.
Examples of the results are shown in Fig. 2. The left panel compares the sig-
nal distribution found in the Vertex detector to the predictions of the Geant
calculations. The agreement is excellent. In the time since this figure was
prepared, the small discrepancy at low signal height has been corrected by
improving the merging of hits due to particles that deposit energy in more
than one pad. The right panel of the figure shows a comparison of the signal
strength in the Octagon detector at beam energies of 130 GeV and 200 GeV
taken during different running periods. The peak locations and widths were
clearly very stable over this time. The slight difference in the relative height
of the peaks at about 80 and 160 keV (corresponding to one and two parti-
cles traversing a single pad, respectively) is due to the roughly 15% higher
multiplicity at the higher energy. The clean peaks seen in Fig. 2 demonstrate
the large separation of signal and noise in the Si detectors. Average values
of the ratio of signal to noise were about 18 in the spectrometer and Vertex
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Fig. 2. Si detector performance examples. See text for discussion.
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detector and about 14 in the larger pads of the octagon and ring counters.
Finally, the overall quality of the detector is extremely high. The number of
Si channels which do not work properly is in the range of 1-3%, where this
number includes all flaws in the Si itself, the electronics, and the read-out
and calibration systems. Additional details concerning the Si performance
can be found in Ref. [5].

2.3. Fvent trigger and centrality determination

As mentioned above, the primary event trigger is generated by signals
from the paddle counters. Detailed studies of the data and simulations in-
dicate that this trigger misses at most a few percent of the total gold—gold
interaction rate. Also, the contributions from beam-gas collisions, beam
halo, or other background sources are negligible. For off-line centrality de-
termination, the truncated means of the calibrated ADC signals from both
sets of paddles were combined to generate a distribution. Monte Carlo sim-
ulations, supported by correlations with the zero degree calorimeter data,
show that this signal varied monotonically with the number of participants
in the interaction. Cuts were determined corresponding to set percentages of
the full interaction cross-section. The results of Glauber model and Monte
Carlo calculations were used to convert these percentage intervals into mean
values of the number of participating nucleons for each selected region. See
the talk by Andrzej Olszewski in these proceeding for more discussion of
the general topic of selecting centrality and Ref. [6] for details specific to
PHOBOS.

3. Multiplicity measurements

3.1. Advantages of the PHOBOS apparatus

As described briefly in the introduction, the PHOBOS detector has sev-
eral important characteristics which are unique at RHIC. These include al-
most full phase space coverage and a high granularity in both pseudorapidity
and azimuthal angle. The beam-pipe, detectors, and associated mechanics
were arranged to provide as little mass and as little distance as possible be-
tween the interaction point and the active elements. In addition, different
detectors and several independent analysis methods for particular detectors
can be used to generate multiple measurements of each observable. This
wealth of results provides a powerful tool for determining and understand-
ing the systematic uncertainties in the derived quantities. Comparison of
data with very different characteristics (for example counting Si pads with
hits compared to summing the energy output of the Si) to each other and
to the Monte Carlo predictions adds confidence in the quality of the final
result.
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3.2. Beam energy dependence of mid-rapidity multiplicity

The first physics measurement using RHIC data was the PHOBOS value
for the charged particle multiplicity density near mid-rapidity for central
gold—gold collisions at nucleon—nucleon center of mass energies of 56 and
130 GeV [7]. Recently, PHOBOS again produced the first physics result
from the full energy RHIC run at 200 GeV [8]. A summary of the data from
PHOBOS and the other RHIC experiments is show in Fig. 3.
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Fig.3. Beam energy dependence of the charged particle multiplicity density per
participant pair averaged over the region || < 1. Data are shown for central AuAu
(AGS and RHIC) or PbPb (SPS) collisions as well as proton—antiproton collisions.
See text for details and references.

The results shown are pseudorapidity densities of primary charged par-
ticles averaged over the region || < 1 measured in the top 6% most cen-
tral events for nucleus—nucleus collisions. In order to compare to different
systems (including nucleon-nucleon collisions), the densities have been di-
vided by the number of pairs of participating nucleons. The PHOBOS data
are shown for 56 and 200 GeV while the average of data from all 4 RHIC
experiments is shown at 130 GeV [9-11]. These values are compared to
those found for lower energy nucleus—nucleus interactions [12-14] as well as
proton-antiproton collisions [15]. It is clear that nucleus-nucleus collisions
at RHIC energies produce significantly more particles per interacting pair
of nucleons than are produced in proton—antiproton collisions at the same
energy. The data also suggest that this excess over pp may still be increasing
at the highest RHIC beam energy.

Before publication of the first PHOBOS data, theoretical predictions for
the pseudorapidity density expected at a center of mass energy of 130 GeV
varied by more than a factor of two. The models were refined (or in some
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cases abandoned) resulting in later predictions of the 200 GeV multiplicity
which varied by about 25%. The latest PHOBOS result is in significant
disagreement with some of the adjusted calculations. Thus, even this most
basic of global observables has already set significant constraints on the
allowable model space.

3.3. Centrality dependence of mid-rapidity multiplicity

The observed excess of normalized particle production in central ion—ion
collisions, compared to nucleon—nucleon interactions, leads naturally to the
question of how this quantity depends on centrality. Fig. 4 shows PHOBOS
data that address this question [16,17]. As before, the quantity plotted
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Fig.4. Collision centrality dependence of the charged particle multiplicity density
per participant pair averaged over the region |n| < 1. PHOBOS data are shown for
AuAu collisions at 130 and 200 GeV energies. Statistical error bars are smaller than
the symbols. The shaded region shows the systematic uncertainty at 200 GeV, the
band for 130 GeV would be similar. Also shown are data from proton—antiproton
collisions and the results of two theoretical calculations. See text for details and
references.

is the primary charged particle density (averaged over £1 unit of pseudo-
rapidity about mid-rapidity) divided by the number of participant pairs.
Data are presented for a range of centralities for AuAu collisions at 130 and
200 GeV. The statistical errors are smaller than the symbols. The shaded
region around the 200 GeV points shows the range of systematic uncer-
tainty. The range for 130 GeV is similar. The proton—antiproton points
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are found from data at 200 GeV and an interpolation of data to 130 GeV
using the parameterization shown in Fig. 3 [15]. The data suggest that the
excess particle production compared to nucleon—nucleon collisions increases
monotonically with possibly a steeper rise for the most peripheral and most
central interactions.

The two sets of lines on Fig. 4 show the results of a gluon saturation
model and an empirical parameterization in terms of a two-component model
of the interactions [18,19]. The latter separates the produced particles into
two classes, the “soft” particles that scale with the number of participants
and a “hard” component which scales with the number of collisions as deter-
mined from a Glauber model. The formula used is

dN Npar
% = (1 —z)ny b

+ ampchou , (1)

where ny,, is the experimentally measured multiplicity density of particles
in proton—proton or proton-antiproton collisions (about 2.2-2.4, see Fig. 3),
Npart is the number of participants (2 for pp or pp), and Neoy is the number
of collisions. The only parameter not found from data or Glauber models
of nucleus—nucleus collisions is x, the fraction of the particles produced by
hard scattering in nucleon—nucleon collisions. For the dashed lines shown
in Fig. 4, the value for = (=10%) was chosen to give a reasonable fit to the
130 GeV gold—gold data. The energy dependence of z was given by simple
QCD arguments. Both the saturation and two-component models are seen
to give reasonable descriptions of the experimental data. The saturation
model calculation stops at a little below 100 total participants because the
assumptions in the model are deemed inappropriate for more peripheral
collisions.

It is interesting to recast Eq. (1) in terms of v, the average number of
collisions experienced by one of the participating nucleons. This concept has
been used frequently in attempts to compare pp, pA and AA data. In this
case, we have symmetric systems so we know that Npair = Npari/2. From

nuclear geometry, the number of collisions is about Ngop &~ Ng;}f‘l"l. By

definition, N¢o = vNpair and so v = Ng;?f‘o"l. Plugging these relations
into Eq. (1) yields
dN
—— =142z —-1). 2
dnNpairipp ( ) @

In this model, the ratio of normalized particle density between nucleus—
nucleus and nucleon—nucleon collisions is a simple mix of nuclear geometry
and the fraction of hard scattering. Note that asymmetric systems (pAu,
SiAu, etc.) will have different relationships between Ny and Npgrt. Data
for such systems, expected in upcoming RHIC runs, will be critical in deter-
mining the validity of these types of parameterizations.
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Several conclusions can be drawn from this data and the comparison to
various models. Once again, it is seen that a relatively simple “global” ob-
servable provides important constraints on the fundamental properties of the
interactions. A simple model separating particle production into “soft” and
“hard” components shows a reasonable extrapolation of AuAu data down
to nucleon—nucleon values. Although the gluon saturation model and the
two-component parameterization have very different underlying physics as-
sumptions, the predictions are very similar. Hopefully, future analysis and
additional data including asymmetric systems will help to differentiate be-
tween the competing models of centrality dependence. Finally, it is im-
portant to keep in mind that all of the competing models involving parton
dynamics agree with the conclusion that the gluon densities in the initial
system are large on the QCD scale.

One intriguing observation is that the data at both beam energies appear
to have an increasing slope for the most central collisions. In the context
of the two component model, it is interesting to ask whether a third source
of particles arises in those situations. Although it is tempting to speculate,
caution must be exercised because the changes may be due to systematic
uncertainties. The two data sets are clearly statistically independent but
share some aspects in the analysis which could conceivably lead to a common
systematic trend.

3.4. Rapidity distribution of charged particles

As mentioned previously, one unique aspect of the PHOBOS experiment
is the ability to detect charged particles over a wide range of pseudorapidity.
An example of the results for 130 GeV are shown in Fig. 5 [20]. In contrast
to the previous plots, this figure shows total charged particle pseudorapidity
density, dN/dn, without normalizing by the number of participants. Also, in
this case the error bars include systematic uncertainties which dominate in
almost all cases. With such complete coverage, the total number of charged
particles can be extracted with relatively little uncertainty due to the extrap-
olation into unmeasured regions. For the most central 3% of the AuAu events
at 130 GeV, the total number of primary charged particles is about 4200.

Each panel corresponds to a different range of centrality with the most
peripheral in the upper left and the most central in the lower right. The per-
centages listed are the fraction of the total inelastic gold—gold cross-section
included. The average total number of participants, found using a Glauber
model, for events within the indicated centrality selection is also shown. One
important feature that relates to the discussion in the preceeding section is
that the distributions are relatively flat over about 2-3 units on either side
of n = 0. As a result, the exact range chosen to obtain the “mid-rapidity”
averages shown in Figs. 3 and 4 is not significant.
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Fig.5. Pseudorapidity dependence of the charged particle multiplicity density.
PHOBOS data are shown for AuAu collisions at 130 GeV. The error bars include
the systematic uncertainties which dominate in most cases. Distributions are shown
for different centralities starting with the most peripheral at top left to the most
central at bottom right. The labels show the percentage cuts on the total inelastic
AuAu cross-section included in each panel as well as the average total number of
participants. See text for details and references.

Another feature seen in Fig. 5 is that the distributions tend to get nar-
rower for increasing centrality. Although the shapes are not strongly depen-
dent on centrality, there are subtle differences which are illustrated in Fig. 6.
In this figure, the center left (35-45%) and bottom right (0-6%) panels of
Fig. 5 are shown as filled and open circles, respectively. In this case, the
densities are once again normalized to the number of participant pairs. It is
clear that most of the increase in normalized particle production shown in
Fig. 4 for more central collisions occurs near mid-rapidity. One possibly sur-
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Fig.6. This figure shows the same data as in the center left (filled circles; 35-45%)
and bottom right (open circles; 0-6%) panels of Fig. 5 but now normalized to the
number of participant pairs and superimposed.

prising aspect of Fig. 6 is that particle production per participant actually
rises with decreasing centrality near beam and target rapidities (compare
closed to open circles near  ~ 5). This results in a cross-over near n ~3-4
where the particle production per participant is essentially independent of
centrality and thus the signal in any particle detector will be very close to
linear with the number of participants. The placement of the paddle trigger
counters close to this rapidity region is, therefore, very fortuitous!

An interesting feature of the pseudorapidity distributions is the beam
energy dependence of the region extending out to target or projectile ra-
pidity. Fig. 7 shows the rapidity distributions of normalized densities for
the 6% most central AuAu collisions at 130 and 200 GeV. The 130 GeV
data points are identical to those in Fig. 6 except that the horizontal axis
has been shifted by the difference in beam rapidities between the two ener-
gies. As was seen for the centrality dependence, the dominant contribution
to the rise in normalized particle production as a function of beam energy
shown in Fig. 3 comes near mid-rapidity. In this case, the regions away from
mid-rapidity, specifically within about 2.5 units of the target or projectile
are indistinguishable between the two data sets. Comparable agreement be-
tween shifted distributions found for the two beam energies is also seen at
other centralities. Very similar results were found for nucleon—nucleon col-
lisions at energies ranging from 53 to 900 GeV [21] and were attributed to
fragmentation [15] of the valence quark system.
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Fig. 7. This figure compares the charged particle pseudorapidity density normalized
to the number of participant pairs for the most central 6% of the AuAu interactions
at both 130 and 200 GeV. The horizontal axis has been shifted by the difference in
the beam rapidity at the two energies.

3.5. Multiplicity summary

PHOBOS has made many significant contributions to the understanding
of charged particle production at RHIC energies. These include extensive
results on the energy, centrality, and rapidity dependence. In evaluating
these results using any measure or model, it is clear that a system of very
high density is being formed in the early stages of AuAu collisions. These
data have already had an enormous impact on theoretical models including
constraints on the initial conditions and subsequent evolution, as well as
restricting the possible global properties and fundamental interactions (for
example, hard versus soft processes). The near future will bring similar
analyses of AuAu collisions at 20 GeV (run in November, 2001, specifically
for PHOBOS) as well as a comparisons to 200 GeV pp collisions (run in
January, 2002). In addition, expanded analyses including more detailed
studies, fluctuation, event shape, etc., are ongoing.
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4. Spectrometer results

The PHOBOS magnetic spectrometer was designed to track and identify
particles near mid-rapidity. One primary focus of the design was the ability
to extend these measurements to the lowest possible transverse momentum.
However, with a reasonably large integrated magnetic field and Si detectors
with small pixel sizes, the spectrometer also has good resolution for high
py studies. Particle identification for all tracks is provided by the average
energy loss in the Si sensors. A typical sample is shown in Fig. 8. Detailed
comparisons of expected and measured energy losses show that the resolution
is about 7%.

Particle I D using dE/dx

E,., (Mips)

1.5
Momentum (GeV/c)

Fig.8. Average energy loss in the spectrometer Si wafers is plotted wversus the
momentum of the track. Clear bands corresponding to the different particle types
are seen.

Early analysis of identified particles focused on one of the most impor-
tant open questions prior to the first RHIC data, namely the chemical envi-
ronment of the system formed near mid-rapidity. Although many theorists
expected that the net baryon density would be smaller than seen in lower
energy collisions, it was not clear what the value would be. There were even
suggestions that exotic processes would lead to enhanced stopping at RHIC
energies and, therefore, significant movement of baryon number away from
the target and projectile rapidity [22].
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Fig.9. This figure shows the predicted particle ratios for kaons and protons as
a function of the baryon chemical potential. The horizontal bands correspond to
the PHOBOS measured values. See text for discussion and references.

The PHOBOS experiment has measured the ratios of yields of 7~ to 7™,
K~ to K* and anti-protons to protons near mid-rapidity (y from about
0.15 to about 0.8 for kaons and protons and about 0.3 to 1.4 for pions) [23].
The ratios were obtained by comparing the numbers of particles in events
taken with opposite polarity so that the two charges were both bending
in the same direction and thus had identical acceptances. The range of
transverse momenta were about 0.1 to 0.6 GeV /¢, 0.15 to 0.65 GeV/c and
0.2 to 1.0 GeV/e¢ for pions, kaons, and protons, respectively. The ratios
found for the most central 12% of AuAu collisions at 130 GeV were 7~ /7T =
1.00+0.01£0.02, K~ /K* = 0.91+£0.07£0.06, and p/p = 0.60+0.04+0.06,
where the statistical uncertainty is listed followed by the systematic one. The
deviation of the last two ratios from 1.0 indicates that the system formed
near mid-rapidity is not baryon-free. This observation can be made more
quantitative by comparing to the predictions of a thermal model [24]. The
results are shown in Fig. 9 where the particle ratios for kaons and protons
have been calculated as a function of the baryon chemical potential. A freeze-
out temperature of about 160-170 MeV was assumed, although the curves
are not strongly dependent on this value. The horizontal bands show the
allowed ranges given by the PHOBOS data. Note that the figure shows the
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kaon ratio as positive over negative charges. Both of the measured ratios are
consistent with the range of chemical potential shown by the vertical band,
4545 MeV. This is about a factor of 5-6 smaller than found for central
collisions at SPS energies [25,26].

It remains for theoretical studies to determine the causes and implica-
tions of this measurement. Clearly, speculations about exotic large “stop-
ping” at RHIC energies are ruled out. Nonetheless, it remains interesting to
explain how even this smaller remnant of the valence quark system has been
transported over almost 6 units of rapidity.

Many additional analyses of spectrometer data are ongoing including
similar ratios for 200 GeV AuAu collisions. In the near future, particle spec-
tra (with and without particle identification), studies of low and high p; and
HBT correlations will be available. For the farther future, additional anal-
yses including resonances, studies wversus centrality, rapidity, and reaction
plane are being prepared.

5. The low p, future: stopping particles

In order to extend identified particle spectra to the lowest possible trans-
verse momentum, the PHOBOS collaboration is analyzing tracks which stop
within the Si wafers of the spectrometer. By selecting only hits correspond-
ing to large energy loss, the tracking becomes much easier. This is essential
because low momentum tracks scatter significantly more than the average
and so the various cuts for finding valid hit combinations need to be loosened
considerably.

An example of early studies is shown in Fig. 10. The plots compare
measured (solid lines) and predicted (dashed lines) energy loss distributions
for pions which stop in the fifth layer of the spectrometer. The plots clearly
show the steady increase in deposited energy as the pions slow down. The
agreement for all layers is superb, indicating that a clean, well understood
sample of pions is being extracted and that the detector response to these
particles is accurately predicted. Note the dramatically larger horizontal
scale in the plot for Plane E (the last plane). Some fraction of the negative
pions are captured onto the Si nuclei and fragment them. The detection of
some of this fragmentation energy produces the long tail to higher energy
loss. Thus, in this case, the particle yields can be partially separated into
the two charge signs. Work is ongoing to understand the efficiency and
backgrounds for these stopping particles as well as extending the algorithms
to particles stopping in other layers.
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Fig.10. This figure shows the predicted (dashed lines) and measured (solid lines)
energy loss distributions in the first 5 Si layers of the spectrometer for pions that
stop in the fifth layer. See text for discussion.

6. Conclusion

This talk has highlighted a few of the physics results obtained by the
PHOBOS collaboration at RHIC. Many others, for example flow [27], have
not been discussed. The PHOBOS data have been critical in the early at-
tempts to understand the conditions created in the new regime of heavy
ion collisions at these high energies. The results have had a significant im-
pact on the theoretical interpretation, including both global properties and
fundamental interactions. More beam energies and beam species (including
asymmetric systems such as pAu or dAu) are eagerly anticipated in future
runs in order to continue the systematic study of varying initial conditions.
For the farther future, various upgrades to the tracking, vertexing, and parti-
cle identification are being considered. The collaboration is looking forward
to an exciting period of exploration in this new frontier.
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