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Abstract. The PHENIX experiment consists of a large detector system located at the newly com-
missioned relativistic heavy ion collider (RHIC) at the Brookhaven National Laboratory. The primary
goal of the PHENIX experiment is to look for signatures of the QCD prediction of a deconfined
high-energy-density phase of nuclear matter quark gluon plasma. PHENIX started data taking for
Au+Au collisions aty/syx = 130 GeV in June 2000. The signals from the beam-beam counter
(BBC) and zero degree calorimeter (ZDC) are used to determine the centrality of the collision. A
Glauber model reproduces the ZDC spectrum reasonably well to determine the participants in a col-
lision. Charged particle multiplicity distribution from the first PHENIX paper is compared with the
other RHIC experiment and the CERN, SPS results. Transverse momentum of photons are measured
in the electro-magnetic calorimeter (EMCal) and preliminary results are presented. Particle identifi-
cation is made by a time of flight (TOF) detector and the results show clear separation of the charged
hadrons from each other.

Keywords. Relativistic heavy ions; quark gluon plasma; PHENIX.

PACS Nos 25.75.-0; 24.85.+p

1. Introduction

PHENIX is a large detector experiment [1] at the newly comissioned relativistic heavy ion
collider (RHIC) at the Brookhaven National Laboratory. The relativistic heavy ion collider
(RHIC) started operation in June 2000. The PHENIX experiment started to collect data si-
multaneously with three other experiments namely STAR, PHOBOS, and BRAHMS. The
detector subsystems in PHENIX are designed to measure signals from hadrons, leptons,
and photons produced in the nucleus—nucleus, and proton—proton collisions at beam en-
ergies up to 100 GeV/A. The primary motivation for this experiment is to look for the
signatures from the nuclear matter at the highest temperatures and energy densities. This
high density phase of matter is predicted to be the quark gluon plasma.

According to Bjorken [2], the spatial energy density ih a relativistic collision can
be deduced by measuring the transverse energy density in radility/dy, which is
effectively the co-moving energy density in a longitudinal expansion:

dET 1
P R 1
€Bj dy 2mymR?’ @)

wherery, the formation time, is usually taken %sfm/c, andrR? is the effective area of
the collision.

There are two important properties of the plasma. Observation of Debye screening
of quantum chromodynamics (QCD) interactions and confirmation of chiral symmetry
restoration, are significant goals of PHENIX measurements. The thermal radiation of a
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hot gas is also extremely important; it characterizes the temperature of the system formed
in these collisions. The strategy behind PHENIX is to study both lepton and hadron sig-
natures in the same experiment. The leptons arise from the plasma phase and probe it
directly whereas the more copious hadrons provide the complementary information about
the hadronization phase transition. To study the above physics quantities, electron pairs,
muon pairs, photons and charged hadrons must be measured. Electron and muon pairs
are measured to study properties of the vector mesons and also to study the continuum
spectra in different regions of rapidity and mass. The electron and muon coincidence
probes charm production and aids in understanding the shape of continuum dilepton spec-
tra. Photon measurements probe the initial phase via the prompt photons. Measurements
of collective flow, in particular elliptical flow has been predicted to get the crucial infor-
mation about the equation of state (EOS) [19-21] of the nuclear matter. In a recent paper
[22], it has been predicted that for non-central collisions at RHIC energy there may be an
unusual exapansion which can not be described by simply an elliptical flow. The type of
flow at RHIC may be qualitatively different than the flow observed at AGS/SPS [23,26]
energies. PHENIX has the capability to measure the azimuthal correlations and elliptical
flow at the mid-rapidity. Detection and identification of charged hadrons allow study of the
Pr distributions, production of anti-nuclei, tgemeson (viak + K — decay), jets, elliptical

flow, and Hanbury—Brown—Twiss (HBT) correlations. The PHENIX detector is designed

to measure these particles in both the forward and mid-rapidity regions and to have good
particle identification capability to distinguish the different types of particles. Of particular
interest to PHENIX are the signals corresponding to the decay of vector mesons into lep-
ton pairs, which are detected in the electron and muon arms, respectively, of the PHENIX
detector. The detector performance is optimized to detect the lepton pairs and photons with
good efficiency over a large momentum range. In this paper we will limit discussion to the
measurment of the multiplicity distribution and transverse energy distribution in the mid
rapidity and their impacts on the energy density. We will also discuss the preliminary plots
of particle identification from the PHENIX time-of-flight (TOF) detector and the measure-
ments of elliptical flow at the mid-rapidity from the charged tracks measured by PHENIX
central arm detectors.

2. Detector setup

The PHENIX detector consists of two arms around an axial central magnet and two muon
endcaps along the beamlines as shown in figure 1. The central arms are being instrumented
to detect electrons, photons and hadrons in the zero rapidity region and the muon arms are
optimized for detection of dimuons in the forward-rapidity region.

The detector subsystems can be classified into three categories. The first category are the
inner detectors consisting of the silicon multiplicity and vertex detector (MVD) of strip and
pad types, arranged around the interaction region and a pair of beam-beam counters (BBC)
placed close to beam direction on either side of the vertex for detecting particles produced
at glancing angles. The second category are the central arm detectors in 90 degree East and
West azimuthal sectors. This group consists of: an intermediate tracker (ITR) made of drift
chambers (DCH) and pad chambers (PC1), a ring imaging Cerenkov detector (RICH), an
outer tracker comprised of two pad chambers (PC2, PC3) before and after a time-expansion
chambers (TEC), a time-of-flight scintillators (TOF), and an electromagnetic calorimeter
(EMCal) of the lead-scintillator type in a shish-kebab structure and also a sector of lead
glass detectors, both coupled to photomultiplier. For the run2000 PHENIX used PC1 and
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Figure 1. PHENIX detector setup.

PC3 in the east arm and only PC1 in the West arm. The third category are the two muon
arms, North and South, each consisting of three tracking stations, and a muon identifier
subsystem covering the forward rapidity. The muon arms were not used in the year 2000
data taking.

The beam-beam counter (BBC) provides information for triggering on beam-beam colli-
sions and obtains the collision vertex position (resolution around 2 cm) along the beam axis
that helps to find correlation between tracks in various detector elements and the time ori-
gin of the collisions. The information must be available at the trigger level to discriminate
backgrounds. The timing information is used to perform the time of flight measurement for
particle identification combined with the information from the TOF detectors. The BBC
consists of two arrays of counter elements, one each placed upstream and downstream of
the beam crossing point. Each array consists of 64 modules of counter elements which are
constructed from a Cerenkov radiator of fused quartz 3 cm long and photomultiplier tube
(PMT) of 1" diameter. The average and difference of the arrival times of the fast leading
charged particles from beam-beam collisions to the two BBC arrays provide the time origin
and the vertex position of the collision.

The multiplicity and vertex detector (MVD), which is placed just outside the beam pipe,
provides centrality trigger and more accurate vertex information. The MVD is comprised
of two parts: two end caps and two concentric central barrel covered with silicon pads and
strips. Vertex finding can be done with good efficiency using the hits from the central bar-
rels for z-position up to+40 cm with a position resolutior: 2 mm. The disk shaped end
caps, located at-positions of+35 cm, are composed of silicon pads. Analog sums of the
signal from the end caps and also from the central barrel, allow formation of multiplicity
triggers from different ranges of pseudorapidity.
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The central arm tracking begins with a low mass, multiwire focusing drift chambers
that (DC) provide high resolutio measurements. The pad chambers provide a three
dimensional position measurement to aid in pattern recognition and to detePnyiify.

A six layer time expansion chamber (TEC) is located between PC2 and PC3. It assists
in pattern recognition and provide electron pion separation from energydds&lz)
information. In future, the TEC will be upgraded to detect transition radiation X-rays.

The year 2000 measurement uses an electromagnetic lead/scintillating tile calorimeter
which forms part of the PHENIX detector. The EMCal covers the pseudorapidity range
In| < 0.38 with an azimuthal aperture df¢ = 180 degrees. It is subdivided into 8 equal
coverage sectors. Six sectors are lead/scintillator (PbSc) sampling calorimeters custom de-
veloped and built for PHENIX [3,4]; two sectors are lead—glass Cherenkov calorimeters
(PbGI) imported from the WA98 experiment at CERN [6]. The PHENIX lead/scintillator
EMCal is a shashlik type detector which is built of identical rectangular read-out tow-
ers5.535 x 5.535 cm? in cross section. The depth of the calorimeter corresponds to
radiation lengths X o) and0.85 interaction lengths. The calorimeter has a nominal en-
ergy resolution of 8%/ E(GeV) and good intrinsic timing resolutior 200 ps. The
calorimeter response is proportional to incident electron energy to witb% over the
range0.3 < E. < 40.0 GeV.

3. Discussion on first RHIC-PHENIX run

There are two rings at RHIC and the machine is 2.4 miles around. The beam in both rings
were accelerated with minimal transition losses te 70 (E = 65 GeV/u) during this run.
PHENIX saw the first collision on 15 June 2000 and the first run ended on 04 September
2000. During this run period PHENIX recorded M minimum bias events from the Au—

Au collisions at,/syny = 130 GeV. RHIC ran only 28 MHz ‘accelerating’ RF in this run
period and that results in the beam spread 50—70 cm in the collision region.

4. Discussion on first PHENIX results

One of the important thing to determine in a heavy-ion collision is the centrality of the
collision and number of participants in that collision. So first we begin with explaining
how these determinations are accomplished in PHENIX. The upper panel of figure 2 is the
correlation plot of analog response signals between zero degree calorimeters (ZDC) and
beam-beam counters (BBC). Higher signals in the ZDC corresponds to lower centrality
and so this plot can be used for the centrality selection of the events. Different slices repre-
sent different centrality bins. Each slice contaifis of the total interaction cross section

of 7.2 barns. Simulations of the BBC and ZDC response were done to account for the
effect of physics and detector fluctuations in the definition of event classes and to relate
them via a Glauber model [5] to the number of participating nucleépsand of binary
collisions N.. The average charged particle density is scaled up to one unit of rapidity
and the corresponding numbemNs, = 347 + 10 for the most central collisions [32]. The
distribution in the bottom panel of figure 2 is the charged-particle multiplicity distribu-
tion at mid-rapidity, as measured by the PHENIX pad chambers (PC). Particle density at
mid-rapidity is an essential global variable for the characterization of high energy nuclear
collisions, providing information about the initial conditions, such as energy density. We
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Figure 2. BBC vs ZDC analog response (top panel) and minimum-bias multiplicity dis-
tribution in the PHENIX measurement aperture (lower panel). The lower axis converts
the observed distribution to the corresponding averfye /dn for track multiplici-

ties less thamv 120; beyond that value the shape of the distribution has a significant
contribution from fluctuations into the measurement aperture.

analyse the particle density as a function of centrality, expressed by the number of partici-
pating nucleons. Such an analysis may shed light on the relative importance of soft versus
hard processes of particle production and test the assumption of gluon saturation expected
at RHIC energies [10,11]. Our results are compared to different models, to similar studies
obtained in Pb—Pb collisions at the CERN SPS [6,7,9] and to a recent measurement per-
formed at RHIC by PHOBOS [8]. After applying the corrections we obtain in the lower
panel of figure 2 the minimum-bias charged-particle multiplicity distribution, in the track
acceptancén| < 0.35,6¢ = 88.4°. A factor of 5.82 converts the observed number of
tracks tod Nep /dn),—o in One unit of pseudo-rapidity and full azimuth, yielding the lower
horizontal scale in figure 2. The PHOBOS experiment has recently reported an average
dNen/dnp=o = 555 + 12 (stat)+35 (syst) for the 6% most central collisions [8]. For the
same centrality bin, we findN, /dnj,—o = 609 £ 1 (stat)+37 (syst). From the prelimi-

nary results reported by NA49 in Pb—Pb collisiong &t = 17.2 GeV [9], we derive a
particle densityl Nep, /dy|,—o = 410. Our resultdNep /dn),—o = 622 for the same cen-
trality bin (0-5%), represents an increase-0$0% after scaling it by 1.2 to account for the
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Figure 3. Charged-particle pseudo-rapidity density per participant pair vs the number

of participants. Predictions from HIJING [10] and EKRT [11] models, and a simple
phenomenological fit are also shown. The shaded area represents the systematic errors
of dNew /dn andN,,.

transformation fronm to y. We show in figure 3 our results faiV, /dn per participant

pair as a function of the number of participants. Figure 3 also shows th® value at the
same,/s taken from the UAS5 analysis [31]. It is interesting to note that the extrapolation
of our data points to low multiplicities approaches tigevalue. A good fit to our data by
functional formd N, /dn Ny gives the valuex = 1.16 + 0.04 which is higher than the
CERN experiments. WA98 finds a best fit valuexof 1.07+0.04 [6]. Experiment WA97
quotes a valuer = 1.05 + 0.05, consistent with the result of WA98. Other models such
as the EKRT [11] predicts that at RHIC energies, the large production of semi-hard gluons
in a small volume may saturate the gluon density. The resulting gluon fusion limits the
total entropy production and thus lowers the final particle production per participant. The
predictions of the EKRT model are also shown in figure 3. We observe no such saturation
effect within our errors for Ag-Au collisions at, /s, = 130 GeV, but instead see a
steady rise in the particle production per participant pair. Model such as HIJING predicts
that there is a component of particle production from soft interactions that scales linearly
with NV, and a second component from hard process@€D jets) that scales withV ..
Following that, we fit the data of figure 3 with the functidéV ., /dn = A x N, + B x N,

using the values oV, and N, calculated from Glauber model. The results of the fit are
shown in figure 3. The values of and B imply a large contribution of hard processes

to particle production. HIJING predicts the same trend although the calculated values are
lower than the data by 15%.

The spectrum of the measured transverse energy from the PHENIX EMCal is shown
in figure 4. The solid curve is for the minimum bias data sample and the dotted curves
are for the four different centrality bins. The measurement is don&kd¢at= 44.4°
azimuthal andAn = 0.76 polar angle acceptance. The scaling transformation from
the raw measured transverse enet@ygyc, to the nominal hadronid E+ /dn|,—o in-
volves correction for detector response, acceptance, inactive area, albedo from magnet
poles and it amounts about a factor of 12.8 higher than the measured value. Mid-
rapidity Er distributions are a standard method of defining centrality [12,6,13,15].
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Figure 4. The Erguc distribution measured in thA¢ = 44.4° azimuthal and

An = 0.76 polar angle acceptance sy y = 130 GeV. The lower scale represents a
correction of the uppeErg\c Scale by a factor of2.8 (see text) to correspond to the
nominal total hadronid E+/dn|,—o in the full azimuth. The solid line is the minimum
bias distribution with the BBC trigger, the dotted lines correspond to centrality cuts as
discussed in the text.

Thus, it is important to try to determine for the present data the detailed relationship of

transverse energy production to the number of participa¥s.{) in the nuclear colli-

sion. Figure 4 shows théE /dn|,= distributions for the 4 most central ranges and the

centrality bins are the same as it was previously discussed for the multiplicity distribution.
Figure 5 (left) shows thafdE+/dn|,=0) per participant also increases with,,.¢. It

also shows thaid E'+ /dn|,—o) for central Aur-Au collisions at,/s yy = 130 GeV is about

40% larger than found by WA98 in R#Pb at,/syn = 17.2 GeV. The mid-rapidityft

measurement of the NA49 collaboration foHH®b collisions [15] at,/syy = 17.2 GeV

gives a value oflEt/dn|,—0 = 405 GeV for the most central 2% of the inelastic cross

section, in excellent agreement with the WA98 value of 399 GeV for the same conditions.

NA49 derives a value ofg; = 3.2 GeV/fm?® at\/syn = 17.2 GeV from this result. A

straightforward derivation afg; from our measuredE+ /dn|,=o Of 578in§’ GeV for the
same centrality cut, corrected d&r /dy|,—o by a factor of 1.19 from our Monte Carlo,
and takingr R?=139 fn? from our Glauber calculation [5], givess; = 5.0 GeV/fm?, an
increase of more than 50% over the NA49 value.

This is better illustrated in figure 5 (right) where the rafibZr /dn|,=o0)/{dNen/
dn|y,=o0) remains constant at a value of 0.8 GeV, in striking agreement both in abso-
lute value and centrality (in)dependence with the measurements by WA98 [6] freiPb
collisions at,/syy = 17.2 GeV. The WA98 data fofd Er/dn|,—o) per participant are
shown in figure 5 (left) and are essentially independe g for Ny... > 200. WA98
parameterizes their data @&t /dn|,=0 & NS, With a = 1.08 £ 0.06 while the same
parameterization for our data yields= 1.13 £+ 0.05.

The particle identification of charged hadrons is performed by combining the informa-
tion from the Drift Chamber, PC1, BBC, and TOF. The time of flight is an array of 960

Pramana — J. Phys.Vol. 57, Nos 2 & 3, Aug. & Sept. 2001 363



Tarun Kanti Ghosh et al

r 1
16F
" I 0.9F TTT
: : I.I .1
s o« i 28 To lo 1.4
S 14 71 v < ogbirh oo leor
F 0.8H11d9 o] o 101 T
M rriiee T < osiIad Y L9l ole'To
=~ _.c 1L Q 11 1
§1.27 ll = 0.7F
z 1 s x oz =z s
= 1F =535 09 2 2 9 5 0.6F
= iTTéE)(I)QQQ : 4
T e Tep S osk
£ ogfort? =09
s 2 04fF
0.6F e - PHENIX g
b ~ o3f
oaf 0 - WA98 ook
0.2 0.1f
G’lHul‘H‘luuluuluuluulu o Lo b b b b ban a1y
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Nparl Nparl

Figure 5. (Left) PHENIX transverse energy density per participgdtEr/
dn|,=0)/Npart as a function ofN,..¢, the number of participants in AvAu colli-
sions at,/syn = 130 GeV compared to data from WA98 [6] for R#b collisions at
Vsnn = 17.2 GeV. (Right) PHENIX(dEr/dn|y=0)/{dNcn/dn|y=0) VErsusNpart
compared to WA98 data.
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Figure 6. Contour plot of time-of-flight versus inverse momentum for minimum bias
Au+Au collisions. This clearly demonstrates the capability of particle identification by
time-of-flight detector in the year 2000 run of PHENIX experiment.

slats and each of the slat is connected with a photo multiplier tube (PMT) for the readout.
The time resolution is 115 ps and it has the capacity/df separation at momenta up to
2.4 GeV/c and K/proton separation up to 4.0 GeV/c as shown in figure 6.
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Figure 7. Squared mass distribution fax)(positively and ) negatively charged parti-
cles measured by time-of-flight detector.

Once a global track is reconstructed using the Drift Chamber, PC1 and TOF, the flight
path length of the track from the event vertex to the TOF is calculated and then that is used
to correct the value of time-of-flight measured by TOF. Figure 6 shows a contour plot of
the corrected time-of-flight value as a function of reciprocal momentum for minimum bias
data from Aut+-Au collisions, after applying the momentum dependent residual cut between
the track projection point and TOF hits. Figure 7 shows the mass squared distribution for
positively and negatively charged particles. The vertical axis is in arbitrary units. This
figure demonstrates the clear particle identification capability by PHENIX TOF detector
during the run 2000.

Figure 8 shows the Pt spectra®f for most central collisions and then the result is
compared with the WA9&° spectra for the same centrality class. WA98 is a Pb fixed
target heavy ion experiment witlys,,, = 17.2 GeV. The recent WA98 direct photon
paper was published in ref. [18]. The PHENIX inverse slope is significantly larger than the
WAO98 result and reached the upper Pt limit of WA98.

High-Pr particle spectra from heavy ion collisions are calculated in a parton model
[17,16] by Wang. It is predicted in the paper that QCD-initiated hard scattering and evo-
lution in which intrinsic transverse momentum is broadened due to initial multiple parton
scattering and there is jet quenching due to parton energy loss inside a dense medium.
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Figure 8. Pr spectrum ofr® for 10% most Figure 9. Pr spectrum ofr° for 10% most
central collisions for WA98 and PHENIX central collision in PHENIX and a compari-
preliminary data. WA98 is a fixed target son is made with the Xin—Nian Wang'’s calcu-
CERN, SPS experiment for Pb—Pb collisions lation.

with /sy = 17.2 GeV.

Figure 9 shows the’r spectra for preliminary PHENIX data and compared with the
Wang'’s calculation. This is done in order to see if there is any effect by the propagation of
partons in the dense medium. Data shows inconsistent with scenarios wlithadit loss
and not inconsistent withE' /dz = 0.25 GeV/fm.

Figure 10 is illustrative of current evidence for strong elliptic flow [27] for charged par-
ticles detected at mid-rapidity-0.35 < n < 0.35) for Au—Au collisions aty/s 5 = 130
GeV. The preliminary data shown in the figure represent two-particle azimuthal correlation
functions obtained for 85% (top panel), 515% (middle panel), and 1530% (bottom
panel) centrality classes for charged particles with 0.5 Ge¥Yr < 2.5 GeV. The cor-
relation function is defined aS(A®) = R(A®)/B(A®) whereR(A®) represents the
A® distribution of particle pairs obtained from the same eventB(W®) represents the
A® distribution of uncorrelated pairs obtained by randomly selecting each member of a
particle pair from different events having similar centrality and vertex position. The solid
curves in figure 10 represent fits to the correlation function following the common Fourier
analysis technique [28]. Such fits provide a measure of the magnitude of the elliptic flow
via thewv, Fourier coefficient. A clear increase in the anisotropy is observed in figure 10
with decreasing centrality from the correlation functions. That is, the anisotropy is the
weakest for the most central collisions. This behavior constitutes one of the well known
trends for elliptic flow [29,30] and can be attributed to an interplay between the geometry
of the collision and the expansion dynamics of the high density participant matter.
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Figure 10. Azimuthal correlation functions are plotted for-8% (top panel), 515%
(middle panel), and 1530% (bottom panel) centrality classes from Au—Au collisions

aty/s,y = 130 GeV. ThePr range i€).5 GeV < Pr < 2.5 GeV and pesudo-rapidity
range is—0.35 < n < 0.35.

5. Summary

The spectrometers worked very well during the first PHENIX run at year 2000. The mul-
tiplicity distribution is consistent with the other RHIC experiment PHOBOS within the
guoted errors. For the most central collisions the multiplicity per unit rapidity &t 0
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increases0% from the SPS results. The mid-rapidity transverse energy density for cen-
tral Au+Au collisions, and likely the spatial energy density, are more than 50% larger at
Vvsnn = 130 GeV (RHIC) than at /syn = 17.2 GeV (CERN). The striking increase of
multiplicity density andE+ density per participant with centrality at RHIC must be con-
fronted by the constancy ¢E1)/(Ne,) at a value~ 0.8 GeV observed both at RHIC and

at CERN. Time-of-flight detector worked very effectively to identifyr, K, p. PHENIX
measured neutral pion Pt spectra betwen 1-4 GeV/c and this measurement is unique at
RHIC. Results are not inconsistent with strong effects from the dense medium. The pre-
liminary PHENIX data shows significant elliptical flow and the flow effect is stronger at
the peripheral events than the central events.
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