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Single identified hadron spectra from \%:130 GeV Au+Au collisions
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Transverse momentum spectra and yields of hadrons are measured by the PHENIX collaboration in Au
+Au collisions atysyy=130 GeV at the Relativistic Heavy lon Collider. The time-of-flight resolution allows
identification of pions to transverse momenta of 2 Gedhd protons and antiprotons to 4 GeVThe yield
of pions rises approximately linearly with the number of nucleons participating in the collision, while the
number of kaons, protons, and antiprotons increases more rapidly. The shape of the momentum distribution
changes between peripheral and central collisions. Simultaneous analysis ofgligpectra indicates radial
collective expansion, consistent with predictions of hydrodynamic models. Hydrodynamic analysis of the
spectra shows that the expansion velocity increases with collision centrality and collision energy. This expan-
sion boosts the particle momenta, causing the yield from soft processes to exceed that for hard to large
transverse momentum, perhaps as large as 3 GeV/

DOI: 10.1103/PhysRevC.69.024904 PACS nunder25.75.Dw

[. INTRODUCTION The high energy density state thus created will cool down
and expand, undergoing a phase transition to “ordinary” had-
Heavy ion reactions at ultrarelativistic energies providergnic matter. While the tools of choice to study the earliest
information on strongly interacting matter under extremepr1a$e of the reactions, and thereby the new state, are probes
conditions. Lattice QCD and phenomenological predictionghat do not interact via the strong force, such as photons,
indicate that at high enough energy density a deconfined|ectrons, or muons, the global properties and dynamics of
state of quarks and gluons, the quark-gluon plasma, igyer stages in the system are best studied via hadronic ob-
formed. It is expected that conditions in ultrarelativistic gopaples. Hadron momentum spectra in proton-proton reac-
heavy ion reactions may produce this new state of matter, thgys are often separated into two parts, a soft part at low
study. qf \_/vhich is the majo_r goal of the experiments at theygnsverse momentupy, where the shape is roughly expo-
Relativistic Heavy lon Collide(RHIC). nential in transverse masas;= \p2+mg, and a highpy region
where the shape more closely resembles a power law. Soft
production(low py) is attributed to fragmentation of a string
*Deceased. [1,2] between components of the struck nucleons, while hard
TSpokesperson. Email address: zajc@nevis.columbia.edu (high py) hadrons are expected to originate predominantly
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from fragmentation of hard-scattered partons. The transition PHENIX Detector - First Year Physics Run
between these two regimes is not sharply defined, but is

commonly believed to be nepr~2 GeV/c [3]. Contral O Installed

In proton-nucleugp+A) scattering, these two regimes de- Magnet  TE B Active
pend on the colliding system size in different ways. The soft
production depends on the number of nucleons struck or par-
ticipating in the collision(N,4). The number of hard scatter-
ings should increase proportionally to the number of binary
nucleon-nucleon encounter@\.,;) since these processes
have a small elementary cross section and may be considere
as incoherent. Hard scattering also produces color stringy
which fragment and produce some Ig#-particles, though
these are much fewer in number than those from the much
more frequent soft scatterings. p+A theseNp, and Ny
are connected by a very simple relation, name¥y.
:Ncoll+1-

In nucleus-nucleus collisions, the number of participant
nucleons does not scale simply widhso it is more useful to
study scaling wittNc, or Ny, Collisions are sorted accord- . )
|ng to Centrallty, a”ow|ng control of the geometry and deter- FIG. 1. A cross-sectional view of the PHENIX detector trans-
mination ofNgoy OF Npgre verse to the beamlim_a. Within the two central arm spectrometers the

In heavy |0n CO”'S'OnS, one expects Secondary Co”|s|on§jetect0rs that were instrumented and Operational durlng&hﬁ
of particles (rescattering to take place, especially among =130 GeV run are shown.
particles with low and intermediate transverse momentum.

Rescattering may occur among partons early in the collisionThe data are compared to full hydrodynamic calculations.
and also among hadrons later in the collision. Both kinds ofThe transition region ip; between hardperturbative QCD
rescattering can lead to collective behavior among the pam@nd soft(hydrodynamic behavigiphysics is investigated by
ticles, and the presence of elliptic floj#—9] indicates that comparison of extrapolated soft spectra to the data. Finally,
partonic rescattering is important at RHIC. In the extremewe study the dependence of the particle yields on the number
rescattering can lead to thermalization. Rescattering has olof nucleons participating in the collision.

servable consequences on the final hadron momentum spec-
tra, causing them to be broadened as shown in this paper.
This relates to some of the key questions regarding the evo-
lution of the collision: Are the size and lifetime sufficientto  The PHENIX[10,1] experiment at RHIC identifies had-
attain local equilibrium? Are the momentum distributions rons over a large momentum range, by the addition of excel-
thermal, and, if so, what are the chemical and kinetic freezetent time-of-flight capability to the detector suite optimized
out temperatures? Can expansion be described by hydrodjer photons, electrons, and muons. PHENIX has four spec-
namic models? Momentum distributions of hadrons as arometer arms: two that are positioned about midrapidtte
function of centrality provide a means to investigate theseentral armgand two at more forward rapiditigghe muon
questions and permit extraction of thermodynamic quantitieairms. A cross-sectional view of the PHENIX detector, trans-
which govern the predicted phase transition. verse to the beam line is shown in Fig. 1. Within the two

This paper reports semi-inclusive momentum spectra andentral arm spectrometers, the detectors that were instru-
yields of 7, K, and p from Au-Au collisions atysyy  mented and operational during thesyy=130 GeV run
=130 GeV. The data are measured and analyzed by th&kun-1) are shown. The detector systems in PHENIX are
PHENIX Collaboration in the first year of the physics pro- discussed in detail elsewhet2]. The detector systems used
gram at RHIC(Run-1). for the measurements reported in this paper are described in

The paper is organized as follows. In Sec. Il the PHENIXdetail in the following sections.
detectors used in the analysis are described. The data reduc-
tion techniques using the time-of-flight and drift chamber
detectors, along with the corrections applied to the spectra,
are described in Sec. lll. Functions that describe the shape of The central arm spectrometers use a central magnet that
the spectra are used to extrapolate the unmeasured portiongnoduces an approximately axially symmetric field that fo-
order to determine the total average momentum and particleuses charged particles into the detector acceptance. The two
yield for each particle. The overall systematic uncertaintiexentral arms are labeled as east and west arms. The east arm
in the spectra are discussed. The resulting minimum bias antbntains the following subsystems used in this analysis: drift
centrality-selected particle spectra are presented in Sec. I'¥hamberDC), pad chambe(PC), and a time-of-fligh{ TOF)

In Sec. V a description of the particle production within awall. The PHENIX hadron acceptance using the TOF system
hydrodynamic picture is investigated. For each centrality sein the east arm is illustrated in Fig. 2 where the transverse
lection, a hydrodynamic parametrization of timg distribu- momentum is plotted as a function of the particle rapidity
tion is fit simultaneously to the spectra of different species(the phase spag&vithin the central arm acceptance subtend-

/

TOF

|
West BeamView East

II. EXPERIMENT

A. Central arm detectors
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70° <8 <110° At the drift chamber location, the field of the central mag-

f net is nearly zero, so the DC determiriasarly) straight-line
track segments in the ¢ plane. Each track segment is inter-
sected with a circle aRpc, where it is characterized by two
angles: the angular deflection in the main bend plane and the
azimuthal position in¢. A combinatorial Hough transform
technique is used to identify track segments by searching for
location maxima in this angular spa¢&4]. The DCs are
calibrated with respect to the event collision time measure-
ment (see Sec. Il B With this calibration, the single-wire
resolution in the-¢ plane is 160um. The single-track wire
efficiency is 99% and the two-track resolution is better than
1.5 mm.

The drift chambers are used to measure the momentum of
charged particles and the direction vector for charged par-
ticles traversing the spectrometer. The angular deflection is
inversely proportional to the component of momentum in the
bend plane only. Both the bend angle and the measured track
points are used in the momentum reconstruction and track
model, which uses a look-up table of the measured central
magnet field grid. For this dataset, the drift chamber momen-
tum resolution iso,/p=0.6 % 3.6 %p, where the first term
is multiple scattering up to the drift chambers and the second
is the angular resolution of the detector.

In run-1, there were three pad chambers in PHENIX.
Each pad chamber measures a three-dimensional space point

FIG. 2. The central arm spectrometer acceptance in rapidity angf a charged track. The pad chambers are pixel-based detec-
transverse momentum for pio®p), kaons(middle), and protons  tors with effective readout sizes of 8.45 mm along the beam
(bottom). line by 8.40 mm in the plane transverse to the beam line. The

first pad chamber laygiPC)) is fixed to the outer edge ra-
ing the polar angle from 70° to 110° for pions, kaons, and dially of each drift chamber at a radial distance of 2.49 m,
protons. The vertical lines are the equivalent pseudorapidityvhile the third layenPC3 is positioned at 4.98 m from the
edges, corresponding tpy| <0.35. More details are dis- beam line. Both arms include PC1 chambers, while only the

25

p; (GeVic)
T

o HHHHlHHlHHhH

o
IS
3

cussed elsewherd 3]. east arm is instrumented with PC3. The second lap€r2
_ is located at an inner inscribed radius of 4.19 m in the west
1. Tracking chambers arm and was not installed for run-1.

The charged particle tracking chambers include three lay- The position resolution of PC1 is 1.6 mm along the beam
ers of pad chambers and two drift chambers. The chambegxis and 2.3 mm in the plane transverse to the beam axis.
are designed to operate in a high particle multiplicity envi-The position resolutions of PC3 are 3.2 mm and 4.8 mm,
ronment. respectively. The PC3 is used to reject background from al-

The drift chambers are the first tracking detectors thabedo and nonvertex decay particles; however, only the PC1
charged particles encounter as they travel from the collisiofs used for the results presented here. The PC1 is used in the
vertex through the central arms. Each is 1.8 m in width in theglobal track reconstruction with the measured vertex position
beam direction, subtends 90° in azimuthal angjeentered  using the beam-line detectaisee Sec. Il Bto determine the
at a radiusRpc=2.2 m, and is filled with a 50-50 argon- polar angle of each charged track. Both PC1 and the beam-
ethane gas mixture. It consists of 40 planes of sense wird#e detectors providez-coordinate information with a
arranged in 80 drift cells placed cylindrically symmetric 1.89 mm resolution.
about the beam line. The wire planes are placed in an . .

X-U-V configuration in the following ordeimoving outward 2. Time of flight

radially): 12X planes(X1)), four U planes(U1), four V The TOF detector serves as the primary particle identifi-
planes(V1), 12 X planes(X2), four U planes(U2), and four  cation device for charged hadrons by the measurement of
V planes(V2). TheU andV planes are tilted by a small +5° their arrival time at the TOF wall 5.1 m from the collision
stereo angle to allow for full three-dimensional track recon-vertex. The TOF wall spans 30° in azimuth in the east arm. It
struction. The field wire design is such that the electron driftconsists of 10 panels of 96 scintillator slats each with an
to each sense wire is only from one side, thus removing moshtrinsic timing resolution better than 100 ps. Each slat is
left-right ambiguities everywhere except within 2 mm of the oriented along the-¢ direction and provides timing as well
sense wire. The wires are divided electrically in the middle abs beam-axis position information for each particle hit re-
the beam-line center. The occupancy for a central RHIQGorded. The slats are viewed by two photomultiplier tubes
Au+Au collision is about two hits per wire. (PMTs), attached to either end of the scintillator.
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-8 PHENIX Detector - First Year Physics Run
| - o
‘a‘ 6_— Central Magnet 9%%\
o .
g% P
a [
= -
- ZDC South ZDC North
0_— MulD MulD
-2 P
_4:_
" C South Side View North
B ' O Installed B Active
_s_l L1 1 I 1 LR I 1) I i Y | | I | I | -
0 10 20 30 40 50 60 FIG. 4. A side view of the PHENIX detector parallel to the
Time of Flight [ns] beam line. The beam line detectors determine the collision vertex

position along the beam direction, and the trigger and timing infor-
FIG. 3. Scaled time-of-flight vs reciprocal momentum in mation for each event.

minimum-bias Au+Au collisions at'syy=130 GeV. The distribu-
tion demonstrates the particle identification capability using theinformation for each event. These detectors include the zero
TOF for the run-1 data taking period. degree calorimeter&ZDCs), the BBCs, and the multiplicity
vertex detectofMVD) and are positioned in PHENIX as
A 20 w/K separation at momenta up to 2 Geyand a  shown in Fig. 4.
+20 (w+K)/proton separation up to 4 Gew/can be The zero-degree calorimeters are small transverse area
achieved. hadron calorimeters that are installed at each of the four
For each particle, the time, energy loss in the scintillatorRHIC experiments. They measure the fraction of the energy
and geometrical position are determined. The total time offdeposited by spectator neutrons from the collisions and serve
set is calibrated slat by slat. A particle hit in the scintillator isas an event trigger for each RHIC experiment. The ZDCs
defined by a measured pulse height which is also used tmeasure the unbound neutrons in small forward cones
correct the time recorded at each end of the gd#wing (<2 mrad around each beam axis. Each ZDC is posi-
correction. After calibration, the average of the times at ei- tioned 18 m upstream and downstream from the interaction
ther end of the slat is the measured time for a particle. Thgoint along the beam axis. A single ZDC consists of three
azimuthal position is proportional to the time difference modules each with a depth of two hadronic interaction
across the slat and the known velocity of light propagation inengths and read out by a single PMT. Both time and ampli-
the scintillator(for Bicron BC404, this is 14 cm/fsThe slat  tyde are digitized for each of the three PMTs as well as an
position along the beam line determines the longitudinal coanalog sum of the PMTs for each Z[J@5].
ordinate position of the particle. The total time of flight is  There are two beam-beam counters each positioned 1.4 m
measured relative to the beam-beam couBBC) initial  from the interaction point, just behind the central magnet
time (see Sec. Il B the measured time in the time-of-flight poles along the beam axisee Fig. 4 The BBC consists of
detector, and a global time offset from the RHIC clock. Posi-two identical sets of counters installed on both sides of the
tive pions in the momentum range k4;<1.8 GeVk are  interaction point along the beam. Each counter consists of 64
used to determine the TOF resolution. The timian calibrationcherenkov telescopes, arranged radially about the collision
in this analysis results in a resolution @F115 ps. axis and situated north and south of the MVD. The BBCs
Particle identification for charged hadrons is performed bymeasure the fast secondary particles produced in each colli-
combining the information from the tracking system with the sion at forward angles, with 39%=<23.9, and full azimuthal
timing information from the BBC and the TOF. Tracks at coverage.
1 GeV/c in momentum point to the TOF with a projected  For both the ZDC and the BBC, the time and vertex po-
resolutionoy,; of 5 mrad in azimuthal angle and 2 cm along sition are determined using the measured time difference be-
the beam axis. Tracks that point to the TOF with less thanween the north and the south detector and the known dis-
2.0 a0 Were selected. Figure 3 shows the resulting time ofance between the two detectors. The start tifgand the
flight as a function of the reciprocal momentum in minimum- yertex position along the beam axi&,..,) are calculated as
bias Au+Au collisions. To=(T1+T,)/2 andZ,ene= (T~ T,)/2¢, whereT; andT, are
the average timing of particles in each counter arid the

) ] o speed of light. With an intrinsic timing resolution of 150 ps,
The beam-line detectors determine the collision VerteXne 7DC vertex is measured to within 3 cm. In run-1. the

position along the beam direction, and the trigger and timingsgc timing resolution of 70 ps results in a vertex position
resolution of 1.5 cm.
lUuttimately, 96 ps results after further calibration, as reported in  Event centrality is determined using a correlation mea-
Ref.[12]. surement between neutral energy deposited in the ZDCs and

B. Beam-line detectors
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systematic uncertainty enters the radius parameter since the
radial distribution of neutrons in large nuclei should be larger
than for protons and is not well determingiB].

The centrality selections used in this paper are 0-5 %,
5-15 %, 15-30 %, 30—60 %, and 60—92 % of the total geo-
metrical cross section, where 0—5 % corresponds to the most
central collisions.

BBC vs ZDC aﬁalog resbonse

15-20% 1 . . .
16-15% - ] Only tracks that are reconstructed in all three dimensions

0.2F:" 510% ] are included in the spectra. These tracks are then matched
05% \1 within 207, to the measured positions in the TOF detector.

oc;“"“ 03 oa 06 0.8 1 For each TOF hit, the time, position, and energy loss are
Qe /Qpie measured in the TOF detector. The widths of residual dis-
tance distributions between projected tracks and TOF hit po-
sitions, gy, iNCrease at lower momentum due to multiple
scattering. Therefore, a momentum-dependent hit association
criterion was defined.

Finally, a requirement on energy loss in the TOF is ap-
plied to each track to exclude false hits by requiring the
energy deposit of at least minimum ionizing particle energy.
A B-dependent energy loss cut whose form is a parametriza-
tion of the Bethe-Bloch formulfl9] is used, where

L e B e B A

4" Minimum bias multiplicity distribution

%.l. . . g
(L at mid-rapidity

00000,
“."'lm....m

T

URERLL

T

10

[En

O pErTIm T T

|

~20 40 80 80 100 120 140 160
Number of tracks ) o
5 500 200 ) dN_idn)| gnd B=L/ct, whereL is the pathlength of the parthle s tra-
n=0 jectory from the BBC vertex to the TOF detectadris the
particle’s time of flight, andc is the speed of light. The
FIG. 5. The event centralityupper ploj is determined using a approximate Bethe-Bloch formula is scaled by a factor to fall
correlation measurement of the fraction of neutron energy recordegelow the data and thereby serve as a cut. The resulting
in the ZDCs(vertical scal¢ and the fractional charge measured in equation isAE:A,B'S’3, whereA is a scaling factor equal to
the BBCs(horizontal scalg The equivalent track multiplicity in 1 5 MeV. The energy loss cut reduces low momentum
each centrality selection is shown in the lower plot. background under the kaon and proton mass peaks. The
fraction of tracks excluded after the energy loss cut is less
fast particles recorded in the BBCs as shown in Fig. 5. Thehan 5.5%.
spectator nucleons are unaffected by the interaction and The measured momentum pathlengthL, and time of
travel at their initial momentum from each respective ion.flight t in the spectrometer are used to calculate the particle
The number of neutrons measured by the ZDC is propormass, which is used for particle identification:
tional to the number of spectators, while the BBC signal

—

L

180 dE/dx~ g3 (1)

increases with the number of participants. a_ p_z{(l)z ) 1] -
?l\B '
IIl. DATA REDUCTION AND ANALYSIS The widths of the peaks in the mass-squared distribution

depend on both momentum and time-of-flight resolutions.
An analytic form for the width of? as a function of mo-
The PHENIX Level-1 trigger selected events with hits mentum resolutiorr, and time-of-flight resolution is deter-
coincident in both the ZDC and BBC detectors, and in timemined using Eq(2). The error in the particle’s pathlength
with the RHIC clock. A total of 5 million events were re- results in an effective time width that is included with the
corded atysyy=130 GeV in the ZDCq11]. The collision ~ TOF resolutionor,
position along the beam direction was required to be within 5 5
+30 cm of the center of PHENIX, using the collision vertex o2= 4m4<29) + 4p4<"_T> _ (3)
reconstructed by the BBC. p Bt
The trigger on both BBC and ZDC counters includes : : ;
92+4% of the total inelastic cross secti06.8+0.4 H. A The momentum r(_esolutlorT of the drift chambers is ex-
) : : . pressed in the following form:
Monte Carlo Glauber mod¢16] is used with a simulation of
the BBC and ZDC responses to determine the number of ) 2
nucleons participating in the collisions for the minimum-bias 0= (QPB) +(Cop??, (4)
events. The Woods-Saxon parameters determined from elec-
tron scattering experiments are radRis6.38+0.06 fm, dif-
fusivity d=0.54+0.01 fm[17], and the nucleon-nucleon in- . = O%ms )
elastic cross section,oli5,=40+3 mb. An additional UK

A. Data reduction
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0.7<p<0.8GeVic
CZ:%’ (6) 10’ P
Ky -
S 10°
whereC, andC; are the multiple scattering and angular reso- ¢
lution terms, respectively. The units af¢,s are mrad g 10
GeV/c. The constantK; is the momentum kick on the £
particle from the magnetic field and is equal to ! MH Hﬂ WW‘ “HHD M
87.3 mrad GeV¢. The constanC, is the width in¢ due to 10° ‘ ‘
the multiple scatteringms) of a charged particle with

1.3<p<15GeVic

3

materials of the spectrometer up to the drift chambers. The 10
C, term is the angular resolution of the bend angle
which is the angular deflection ig of the track segment
relative to the radius to the collision vertex.

=
o
~

[N
o

Entries (arb. units)

Equation(4) is used in Eq(3) with B=p/\p?+m?, where
m is the mass centroid of the particle’'s mass-squared distri- ! m ’H“mﬂ Hh H“
bution. The mass centroid is close to the rest mass of the 10" ‘ |
particle; however due to residual misalignments and timing R e, FPR
calibration, the centroid of the distribution is a fit parameter
in order to avoid cutting into the distribution. Tme? width FIG. 6. (Color onling The mass-squared distributions of posi-
for each patrticle is written as follows: tive pions, kaons, and protons for two different momentum slices.

The momentum slice 0Zp<0.8 GeVk is the upper panel and

1.3<p<1.5 GeVck is the lower panel. The shaded regions corre-

spond to the & particle identification bands based on the calculated

mass-squared width, the measured mass-squared centroids, and the
(7) known detector resolutions.

m =

m?
Pord c§4m4<1 + ?) + C24m’*p? + CY4pA(m? + p?)],

where the coefficienC; is related to the combined TOF, o .
tainty is 2%, 5%, and 3% for pions, kaons, and protons,

_oqC respectively, afp;<<0.6 GeV/L and is negligible at higher
Cs= L (8) momenta.
and pathlength contributions to the time width, in Eq. (8). B. Analysis
From the measured drift chamber momentum resolution, . P
C,=0.006 andC,=0.036¢/GeV. While the TOF resolution The raw spectra include inefficiencies from detector ac-

geptance, resolution, particle decays in flight and track re-
construction. The base-line efficiencies are determined by
éimulating and reconstructing single hadrons. Multiplicity
dependent effects are then evaluated by embedding simu-
lated single hadrons into real events and calculating the deg-
radation of the reconstruction efficiency.

is 115+15 ps, the pathlength uncertainty introduces
width of =20-40 ps, so 145 ps is used fof in Cj.

The pions, kaons, and protons are identified using th
measured peak centroids of theé distribution and selecting
20 bands; shown as shaded regions in Fig. 6 for two differ
ent momentum slices. ThesZbands for pions and kaons do
not overlap up t@;=2 GeV/c. The protons are identified up
to pr=4 GeV/c. By studying variations in the? centroid
and width before the particle identification cut is applied, the
uncertainty in the particle identification is estimated to be The corrections for the finite detector aperture, pion and
5% for all particles. kaon decays in flight, and the detector response are deter-

Kaons are depleted by decays in flight and geometricainined using single particles in the toeanT [20] simulation
acceptance. For the low momentum protons, energy loss araf the detector. All details of each detector are modeled, in-
geometrical acceptance cause a drop in the raw yield focluding dead channels in the drift chambers, pad chambers,
pr<<0.5 GeVLk, as seen in Fig. 2. and time-of-flight detector. All physics processes are auto-

The remaining background contribution was determinedmatically taken into account, resulting in corrections for mul-
by reflecting the track about the midpoint of PHENIX along tiple scattering, antiproton annihilation, pion and kaon de-
the beam line and repeating the association and particle iderays in flight, finite geometrical acceptance of the detector,
tification cuts used in the TOF detector. This random backand momentum resolution, which affects the spectral shape
ground was evaluated separately for each particle type. Thabove 2.5 GeVe.
background contribution is=30% for the kaon spectra at The drift chamber simulated response is tuned to describe
0.2<p;<0.4 GeVk and defines the lowpy limit in the  the response of the real drift chambers on the single-wire
spectra. The background is less than 5% in all other casekevel. This is done using a simple geometrical model of the
and negligible above 0.8 GeXin the measured momentum drift chamber and the straight-line trajectories of particles
range in this analysis. The background was not subtractefilom the zero-field data. This simple model of the drift cell in
but is instead treated as a systematic uncertainty. This uncethe drift chamber is sufficient to describe the observed drift

1. Corrections: Acceptance, decays in flight, and
detector response
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FIG. 7. Comparison of the momentum-dependent residuals of . FIG. 8 The multiplicity dependent efficiency correction for
DC tracks matched to TOF hits in azimuthal anglgleft) andz pions (solid) and (antjprotons(open for two types of tracks. The

) . . . upper set of points correspond to fully reconstructed tracks in the
(right) between datasolid) and simulationdashet drift chambers, while the lower set of points correspond to partially
distance distribution, the pulse width, the single-wire effi-reconstructed tracks in the drift chambers.
ciency, and the detector resolution. The TOF response is
simulated by smearing the true time of flight using a Gauss- ] S R )
ian distribution with a width as measured in the data. A final multiplicity dependent correction is determined

Figure 7 shows the momentum dependence of the residudfing simulated single-particles embedded into real events.
distance between projected tracks and TOF hits for the redihis correction depends on both the quality of the track re-
(solid line) and simulateddashed events. These residuals construction in a high multiplicity environment and the type
are parametrized in the azimuthal angl@nd the beam-line ©Of particle measured. _ _
directionz, separately for data and simulation. For each case, Depending on the centrality of the event, the correction
tracks that fall outside @ of the parametrized width are re- factor is determined for each particle in the raw transverse
jected, thus allowing use of the Monte Carlo to evaluate thénomentum distribution and is applied as a weight. The final
correction for the & match requirement for real tracks. efficiency corrections are shown in Fig. 8, where the correc-

A fiducial cut is made in both the simulation and the datation for pions is shown as solid circles and fantjprotons
to ensure the same fiducial volume. The systematic unce®S Open circles. The horizontal axis ranges from the most
tainty in the acceptance corrections5%. central to the_ most per_lphe_ral events in increments of 5%.

The simulated distributions are generated uniformlpin ~ The systematic uncertainty in the multiplicity efficiency cor-
&, andy. For each hadron, sufficient Monte Carlo events ard€ction is 9%. ) .
generated to obtain the correction factor for every measured The difference between pionsolid) and (antjprotons
pr bin. The statistical errors from the correction factors were(0pen is due to the different TOF efficiencies for each par-
smaller than those in the data and both are added in quadrficle (protons are slower than piondn a small fraction of
ture. cases two particles may hit the same TOF slat at different

The distribution of the number of particles generated intimes, and the slower particle is assigned an incorrect time.
eachpy slice, dN/dpy, is the “ideal” input distribution with- ~ The particle will then fall outside the particle identification
out detector and reconstruction effects. This distribution iscuts. This effect depends on the type of particle. .
normalized to 2 and 1 unit of rapidity. After detector re- _ For each particle, two curves are shown, representing the
sponse and track reconstruction, the output distribution is th®C tracking inefficiency for two types of tracks: fully recon-
number of particles found in eaqh slice. The final correc- Structed and partially reconstructed tracks. Fully recon-
tions are determined after an iterative weighting procedureStructed tracks includ&1 andX2 sections. In a high track-
First, the flat input and output distributions are weighted bydensity environment, tracks may be partially reconstructed or
exponential functions for all particles using an inverse slopdits may be incorrectly associated. There are two cases when
of 300 MeV. The ratio of input to output distributions is this incorrect hit association occurs. In the first case, the
determined as a function of momentum. In epgtslice, the  direction vector in the azimuth prevents the track from point-
corresponding ratio is applied to the data. The corrected daiag properly to the PC1 detector, and the correct hit cannot
are next fitted with exponentials for kaons and protfsee be associated. In the second case, the track is reconstructed
Eqg. (11)], and a power law for the pionsee Eq.(9)]. The  properly, but there are two possible PC1 points. If no UV hits
original flat input and output distributions are weighted byare found, then the wrong PC1 point can be associated with
these resulting functions. The procedure is repeated until thihe track and the track’s beam-line coordinate is mis-
functions remain constant in their parameters. The weightegeconstructed. In both of these cases, the track fails the
input and output distributions are divided to produce accepmatching criteria in the TOF detector and is lost.
tance correction factors. The corrections are larger for kaons
due to the decays in flight. The statistical error in determina-
tion of the correction factor is added in quadrature to the ThedN/dy and(py) are determined using the data in the
statistical error in the data. measured region and an extrapolation to the unmeasured re-

2. High track-density efficiency correction

3. Determining the yield and meanp
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TABLE I. The sources of systematic uncertainties(s) and Z‘D“““‘JE“““‘
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m%)  K(%)  (ant)p(%) 2 A%A ]

5 y
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Extrapolation 6 8 75 ’z ,
Background(p;<0.6 GeVrk) 2 5 3 10 i + E
(pr) total 7 10 8 s T, "o ]
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dN/dy total 13 15 14 S10%F 4% ¢+ %
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gion after integrating a functional form fit to the data. A b (GeVic) b (GeVio

function describing the spectral shape is fit to the data, with
varying pr ranges to control systematic uncertainties in the - . .
. . . . FIG. 9. The spectra of positive particlgkeft) and negative

fit pazﬁmeters. The ]:Ijtted shape (;StﬁXtrapOIaéed’C;nte.?r:a:ﬁ ight) in minimum-bias collisions from A#tAu collisions at
over the unmeasured range, E.m en C.Om ined wi . vsyn=130 GeV. The errors include both statistical and systematic
measured data to get the full yield. Two different functionsg,ors from the corrections.

are used to estimate upper and lower bounds for each spec-

trum. The average between the upper and lower bounds is . ) _

used fordN/dy and{py). The statistical error is determined co[;e?tlronis r?ndkcu;s, th:dur;utartnamtrles are;i ﬁ%’ 15%, and
from the data, and the systematic uncertainty is taken as ha Toheo hg(?ro?{ y;(I) dss’aarl1 & ‘; \c/)a(lju:é iist’:lljue dCe \gny]é dditional
the difference between the upper and lower bounds. . . o .

For pions, a power law ip; [Eq. (9)] and an exponential unpertamty arising from the flttl_ng function used for extrapo-
in mr(=\"'psz§) [Eq. (10)] are fit to the data. For kaons and Iatlon_to the unmeasured region at low and high The
(anti rotoTns WO ex. onentials—one i [E '(11)] and the magnitude of the extrapolation is 30+ 6% of the spectrum for

P ’ P m =0 (- pions, 40+8% for kaons, and 25+7.5% for prot¢@§]. The
other inmr—are used. Ther exponential provides an upper

limit for the extrapolated yield, which is most important for systematic uncertainty quoted here is taken as half the differ-

the (antijprotons. The power-law function has three param_ence between the results from the two different functional

. . forms.
eters labeled\, py, andn in Eq. (9). The exponentials have The momentum scale is known to better than 2%, and the
two parametersi andT.

momentum resolution affects the spectra shape, primarily for
d?N P \" protons, above 2.5 Ge¢/ The momentum resolution is cor-
A , 9 rected by the Monte Carlo. As other sources of uncertainty

2mprdprdy Po* Pr on the number of particles at any given momentum are much
N larger, momentum resolution effects are neglected in deter-
— = Ag™T, (100  Mining the overall systematic uncertainty from the data re-
2mmdmydy duction.
2
_ON AePTT, (11) IV. RESULTS
2mprdprdy

A. Transverse momentum distributions

The invariant yields as a function gf for identified had-
rons are shown in Fig. 9, while Fig. 10 provides the central-

In Table I, the sources of systematic uncertainties in botlhty dependence of the spectra. The spectra are tabulated in
(pr) and dN/dy are tabulated. The sources of uncertaintyAppendix B. Ther*, K*, p, andp invariant yields for the
include the extrapolation ipy, the background, and the most central, midcentral, and the most peripheral collisions,
Monte Carlo corrections, and cuts. The uncertainty in thevere reported previouslj22]. Pion and(antiproton invari-
Monte Carlo corrections is 11% and includes the multiplicity ant yields are comparable fpr>1 GeV in the most central
efficiency correction of 9%, the particle identification cut of collisions.
5%, and the fiducial cuts of 5%. The uncertainties in the As can be seen already from Fig. 10 all the spectra seem
correction functions are added in quadrature to the statisticab be exponential, however, upon closer inspection, small
error in the data. Background is only relevant for deviations from an exponential form are apparent for the
pr<0.6 GeVL in the spectra. more peripheral collisions. The spectrum in the most periph-

The total systematic uncertainty in tp) depends on eral collisions is noticeably power-law-like when compared
the extrapolation and background uncertainties; the unceto the more exponential-like spectrum in central collisions.
tainties are 7%, 10%, and 8% for pions, kaons, and protong his is especially apparent for the pions. The effect can be
respectively. The overall uncertainty @iN/dy includes the seen more clearly in the ratio of the spectra for a given par-
uncertainties olpy) in addition to the uncertainties from the ticle species in two different centrality classes. Such ratios

C. Systematic uncertainties
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are shown in Fig. 11 for the 5% central and the most periph-
eral positive spectrég60—92 % centrality. The ratios for pro-
tons and antiprotons as well as fei have a maximum at
intermediatep; and are lower at both low and higit. The
kaon shape change is not very significant, given the current
statistics.

The change in slope at low; in central collisions com-
pared to peripheral is consistent with a more substantial hy-
drodynamic, pressure-driven transverse flow existing in cen-
tral collisions, since the increased boost would tend to
deplete particles at the lowept (see Sec. IV ¢ This is
observed at lower energies at the CERN $PF24. It is in
contrast to results obtained at the 18#9] for p+p collisions
at Vs=63 GeV, where a shallow maximum or minimum ex-
ists at lowpy (in the range 0.3-0.6 Ge\¢).

Feed-down contribution to p and grom inclusive A and A

Inclusive A and A transverse momentum distributions
have been measured in the west arm of the PHENIX spec-
trometer using the tracking detectqi3C, PCJ and a lead-
scintillator electromagnetic calorimet¢EMCal) [26]. The
invariant mass is reconstructed from the weak decays
—p+7 andA —p+7'.

The tracks from the tracking detectors are required to fall
within 3o of EMCal measured space points. The EMCal tim-

FIG. 10. The hadron spectra for five centralities from the mosting resolution of the daughter particles¥00 ps. Using the
central 0—5 % to the most peripheral 60—92 %y s§=130 GeV. C . ;
Errors include both the statistical and point-by-point error in themass is calculated, and protons, antiprotons, and pions are

corrections added in quadrature.

DC momentum and the EMCal time of flight, the particle
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‘““““““‘““““‘_‘_‘“‘“‘b‘,“““‘:“”‘“““““““‘“““““““““‘: TABLE Ill. The {py) in MeV/c for hadrons produced at midra-
OO%O Mo Bies _ 1 pidity in each centrally class. The errors are statistical only. The
N%‘ g 8%, S =130 GeV [;%%O negaive E systematic uncertainities are 7%, 10%, and 8% for pions, kaons,
Q % N il e 1 and (antiprotons, respectively.
NU ﬁ% positive 1 % |
Lo p 1, T 0-5% 5-15% 15-30% 30-60% 60-92%
g o i ° ]
N‘i » © 1 °¢ 1 " 390+10 380+10  380+20 360+10 310+30
Fli ® ¢ 7~ 380+20 390+10 380+10  370%20  320+20
S | oincusie A o fomusve R of K*  560+40 580+40 57040 55040 47090
10°L o drectp ¢ | odrecth _ ] K~ 570+50 59040 610+40 55050 46090
inclusive p ¥ O inclusive p ‘% El
Lonbnbndbndnn e bl b bl b b b 14019 p 880+40 870+30 850+30 800+30 710+80
0051 152253350051 152 253 35 P 000450 890+40 840+40  820+40  800+100
p; (GeVic) p, (GeVic)

F'S'dl.z' Itzortminimum-bias collitsionz,_ trt_ebintt_:lusizoxeincllustivz ‘ combinatorial background subtraction. The feed-down con-
P, and directp transverse momentum diStrbutions are plotied 10-yjn tions from heavier hyperor%® and( are not measured
gether in the left panel. The equivalent comparison for includiye bt are estimated to be5%.
P, and directp transverse momentum distributions is in the right Figure 12 shows the transverse momentum spectra of in-
panel. clusive protongleft) and antiprotongright) with the inclu-

_ B . sive A and A transverse momentum distributions. The solid
identified using 2z momentum-dependent mass-squaredpoints are thgantiproton spectra after the feed-down cor-

cuts. A clean particle separation is obtained using an UppP§gcion fromA and A weak decays. From here forward, the
momentum cut of 0.6 Ge\t/and 1.4 GeV¢ for pions and a5 that are presented and discussed are not corrected for

protons, respectively. The momentum is determined assunjpis feed-down effect; inclusive and p yields are given.
ing the primary decay vertex is positioned at the event vertex —

and results in a momentum shift of 1—-2% based on a Mont
Carlo study.

Using all combinations of pions and protons, the invariant
mass is determined. The mass distribution shows peak B. Yield and (pr)

on top of a random combinatorial background, which is de-  The yield dN/dy and the average transverse momentum
termined by combining protons and pions from different col-(p.) are determined for each particle as described in the pre-
lisions with the same centrality. A signal-to-background rat'oceding section and have been previously published in Ref.
of 1/2 is obtained after applying a decay kinematic cut on th 22]. For each centrality, the rapidity densiy\/dy and av-
daughter particles. Fitting a Gaussian function to the mas rage transverse momentuiy) are tabulated in Tables I
distribution in the range 1.08m,,<1.20 GeV£E?, 12000A and I, respectively.

and 9000A are Observed_,With mass resolutiém/m= 2%. The Npart and NC0|| in each Centra”ty selection are deter-

The reconstructed and A spectra are corrected for the ac- mined using a Glauber-model calculation in Rgf7]. The
ceptance, pion decay-in-flight, momentum resolution, and reresulting values oN,,; and N, are also tabulated in Table
construction efficiencyf26]. The systematic uncertainty on Il. (See Appendix A for more detajilThe errors orNy,;and

the py spectra is 13% from the corrections and 3% from theN.y, include the uncertainties in the model parameters as

ore details on the\ and A measurement are included in
ef. [26].

TABLE II. The dN/dy at midrapidity for hadrons produced at midrapidity in each centrality class. The
errors are statistical only. The systematic errors are 13%, 15%, and 14% for pions, kaoas)timabtons,
respectively. Thé,,andN.y in each centrality selection are from a Glauber-model calculation in[R€f.
also shown with systematic errors based on a 92+4% coverage.

0-5% 5-15% 15-30 % 30-60 % 60-92 %

Nopart 347.7+10 271.3+8.4 180.2+6.6 78.5+4.6 14.3+3.3
Neo 1008.8 712.2 405.5 1315 14.2

t 276+3 216+2 141+1.5 57.0+0.6 9.6+0.2
" 27035 200+2.2 129+1.4 53.3+0.6 8.6+0.2
K* 46.7+1.5 35+1.3 22.2+0.8 8.3+0.3 0.97+0.11
K- 40.5+2.3 30.4+1.4 15.5+0.7 6.2+0.3 0.98+0.1

p 28.7+0.9 21.6+0.6 13.2+0.4 5.0+0.2 0.73+0.06
) 20.1+1.0 13.8+0.6 9.2+0.4 3.6+0.1 0.47+0.05
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negative 1 acceptable as the difference in the inverse slope is found to
be less than 2%. The simphe; exponential was also used in
[ s+t [ ' 4 + 4 an equivalent analysis in Reff28]. The inverse slopf
08 \ 1 08 + can be compared to other experiments, provided the same
I ] momentum range of the spectrum is used for fitting.
osr i o +] If the system develops collective motion, particles expe-
[ i+ ] rience a velocity boost from this motion, resulting in an ad-
B L B S ditional transverse kinetic energy component. This motivates
] use of the transverse kinetic energy, i.e., transverse mass mi-
] nus the particle rest mass, for plotting data. Figure 14 shows
I i ] I ] the transverse kinetic energy distributiotie., transverse
e — e —— mass minus the particle rest magsr all positive particles
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 . . . . .
Ny Noe (left) and negative part|cle$r|ght). Pions are in the top
panel, kaons in the middle panel, ag@hti)protons in the
FIG. 13. The integrated meamn for pions, kaons, an¢antipro- bottom panel, with different SymbOlS indicating different
tons produced in the five different classes of event centrfigy. ~ centrality bins. The solid lines are; exponential fits in the
The error bars are statistical only. The systematic uncertainties af@nge (mr—mg) <1 GeV for all particle species while the
7%, 10%, and 8% for pions, kaons, agahtprotons, respectively. dashed lines are the extrapolated fits. The pion spectra follow
The open points are equivalent average transverse momenta froan exponential for 0.38 (my—my) <1.0 GeV while the ka-
pp andpp data, interpolated tas=130 GeV. ons and protons appear exponential over the entire measured
my range. The same is true for the negative particles in the
well as in the fraction of the total geometrical cross sectionfight panel; however, the antiprotons have more curvature for
(92% +49% seen by the interaction trigger. The error due to(mr—mg) <0.5 GeV. We extracT,; by fitting exponentials
model uncertainties is 2%27]. An additional 3.5% error of form (10) to the transverse mass spectra in the range
results from time dependencies in the centrality selectiodmy—my) <1 GeV.
over the large data sample. This range is chosen common for all particle species and
Pions dominate the charged particle multiplicity, but aminimizes contributions from hard processes. Caution must
large number of kaons an@ntiprotons are produced. The be taken when comparin values as the local slope of the
inclusive yield of antiprotons is nearly comparable to that oftransverse mass spectra varies somewhat wyefor pions
protons. In the most central Au+Au collisions, the particleand antiprotons even within this fit range. The resulting val-
density at midrapiditydN/dy) is =20 for antiprotons and 28 ues of T for all particles and centralities are tabulated in
for protons, not corrected for feed-down from strange bary-Table IV in units of MeV. The inverse slopes increase and
ons. then saturate for more central collisions for all particles ex-
The average transverse momenta increase with partickeept antiprotons. The fact that the inverse slope is different
mass and with decreasing impact parameter. The mean trariér mesons and baryons and for central and peripheral events
verse momentum increases with the number of participan® consistent with the meapy trends discussed above.
nucleons by 20+5% for pions and protons, as shown in Fig. We compare to published inverse slopes of transverse
13. The(py) of particles produced ip+p andpp collisions, ~Mass distributions at midrapidity from; exponential fits in
extrapolated to RHIC energies, are consistent with the moghe region(my—my) <1.2 GeV, listed in Table V. The com-
peripheral pion and kaon data; however, tpg) of protons  parison includes NA4428-31 and WA97[32,33 at the
produced in Au+Au collisions is significantly higher. This SPS atisyy=17-29 GeV; and, atsyy=23 GeV at the ISR,
dependence on the number of participant nucleons may bRlper et al. [34] and Guettleret al. [35]. These data are
due to radial expansion. It should be noted that the feeding dthosen as they maich ther-m, range used in fitting our
protons and antiprotons from decays affectgpy). If the ~ data. For pions, the lowy region of (my-mg) <0.3 GeV,

spectra are corrected for feed-dowlpy) increases by ap- populated by decay of baryonic resonances, is systematically
proximately 15%. excluded from the fits. The effective temperatures are given

in Table V with the references noted accordingly.
C. Transverse mass distributions Radial flow imparts a radial velocity boost on top of the
thermal distribution. Heavy particles are boosted to higher
, depleting the cross section at lowpf and yielding a
gher inverse slope. Therefore, the observed inverse slope
Ld’ependence on both centrality and particle mass implies
‘more radial expansion in more central collisions. At CERN
SPS, theT. depends on both mass and system sthe

1| positive ]

[

osp S

<p;> (GeV/c)
<p;> (GeVic)

Axol

ep,
AK+

.
'S
[ ]

Production of hadrons from a thermal source would mak
transverse mass the natural variable for analysis. Therefo
we extract inverse slopes from the transverse mass distrib
tions by separately fitting a thermal distribution to each par
ticle species. The Boltzmann distribution is given in Etp),

d2N T number of participating nucleons in the collisjpindicating
2mmydmmydy = Amye T lefr, (12)  collective expansion. Thd& . values at RHIC shown in
Table 1V are somewhat larger.
We use a simple exponential, however, with no powensof In p-p collisions at similarys at the ISR, hadron spectra

in the prefactor, as shown in E(LO). This simplification is  were analyzed in transverse masg, rather than transverse
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kinetic energymy—m, [36,37. To facilitate a direct compari- level of my scaling in our data is in qualitative agreement
son, Fig. 15 shows the PHENIX hadron spectra, includifig  with expectations from gluon saturati¢88]. Single-particle
from the 10% most central Au+Au collisions. The spectraspectra alone, however, are not sufficient to disentangle satu-
approach one another, but do not fall upon a universal curveation from flow effects.
and thereby fail the usual definition of scaling. It is often stated thatn; scaling holds inpp collisions at

It has been suggested that at transverse mass significanimilar vs to RHIC (see data, for example, in Ref86] and
larger than the rest mass of the particle, thermal emission ani@7]). Scaling inmy, i.e., spectra following a universal curve
radial flow may not be the only physics affecting the particlein my, might be expected if the hadrons are emitted from a
spectra. If heavy ion collisions can be described as collisionsource in thermal equilibrium. It is instructive to note that
of two sheets of colored glass in which the gluon occupatiorRef. [36] states: “Although the curves for different particles
number is sufficiently large to saturate, scaling of differentdo come together, there is no real evidence for any universal
hadron spectra with transverse mass is also predi@8d  behavior in this variable.” Thus, scaling at the ISR was never
For Au+Au collisions at different impact parameters, theclaimed by the original authors. In central Au+Au collisions,
saturation scale differs, and some differences in the spectthae slopes and yields af, K, andp approach each other as
may be expected. Nevertheless, the authors observe that theell, but Figs. 15-17 also do not support a truly universal

TABLE IV. The resulting inverse slopes in MeV after fitting ar exponential to the spectra in the range-mg<1 GeV in each event
centrality classes. The pion resonance is excluded in the fits. The equipalBntange for each particle is shown accordingly. The errors
are statistical only.

0-5% 5-15% 15-30% 30-60 % 60-92 %
" in 0.5<py<1.05 GeVt 216.8+5.7 214.3+4.6 217.4+4.7 214.4+5.2 176.9£9.5
7 in 0.5<pr<1.05 GeVt 215.8+6.5 221.2+5.6 225.3+5.8 212.8+5.7 215.8+16.8
K*in 0.45<p;<1.35 GeVk 233.2+10.8 243.6+9.8 242.4+9.2 228.7+10.2 182.3+19.0
K™ in 0.45<pr<1.35 GeVt 241.1+15.8 244.5+10.2 250.0+12.3 224.2+11.1 196.4+22.3
p in 0.55<p;<1.85 GeVEk 310.8+14.8 311.0+12.3 293.8+11.4 265.3+10.9 200.9+14.8
P in 0.55<p;<1.85 GeVkt 344.2+25.3 344.0+£20.9 307.6+17.1 275.1+14.0 217.0+28.3

024904-13



K. ADCOX et al. PHYSICAL REVIEW C 69, 024904(2004)

TABLE V. Inverse slope paramete¢s® MeV) of hadrons fop+p, p+nucleus, and central S+S, S+Pb, and Pb+Pb colliding at CERN
energies. The errors are statistical and systematic, respectively.

Hadron 17 GeV/nucleon 19.4 GeV/nucleon 19.4 GeV/nucleon 29 GeV/nucleon 29 GeV/nucleon 29 GeV/nucleon 23 GeV

Pb+Pb S+Pb S+S p+Pb p+S p+Be p+p
at 156+6+23 165+9+10 148+4+2% 145+3+10 139+3+10 148+3+1¢  139+13+2f
K* 234+6+13 181+8+10 180+8+G 172+9+10 163+14+10 154+8+1¢  139+15+7F
p 289+7+14 256+4+10 208+8+1G 203+6+16 175+30+16 156+4+1F  148+20+7F
A 289+8+29 203+9+20
A 287+13+29 180+15+18

“Referencg 28] (NA44 Collaboratiof.
bReference[29] (NA44 Collaboration.
‘Reference$34,35 (ISR).

dReference[?,l] (NA44 Collaboration.
°Referencg30] (NA44 Collaboratiof.
fReference[32] (WA97 Collaboratioi.
9Referencg33] (WA97 Collaboratioi.

behavior inmy. Therefore the apparent puzzle of how the STAR result of 567+3841], the PHOBOS result of 555+ 37

data could exhibit botm; scaling and the mass-dependent[43], and the PHENIX pad chamber result of 622 +[£1].

pr boost characteristic of radial flow is no puzzle at all, asThe agreement is excellent, allowing the results of this

any “my scaling” is only very approximate. analysis to be used to decompose the particle-type depen-
dence of the charge particle multiplicity increase with cen-

D. Summed charged particle multiplicity trality.
As a consistency check we compare the measured rapidity

densities as given in Sec. IV B to previously published pseu- V. COMPARISON WITH MODELS

dorapidity densities of charged particles. The measured

dN/dy for each hadron species is converteddid/d», and

the total dN/d# is calculated by summation. Figure 18  The charged particle pseudorapdity distributions are in-

showsdN/d# per participant nucleon pair, compared to thecompatible with a static thermal source, but the flat distribu-

measurement made by PHENIX using the pad chamberon observed in Ref[43] reflects the strong longitudinal

alone[27] as well as to PHOBOS and STAR yields in central motion in the initial state. Consequently, the longitudinal mo-

collisions[40,41]. We note that the lines correspond to the fit mentum distribution is not an unambiguous sign of collective

of a linear parametrization dfi,, andN to the PHENIX — motion. Transverse momentum is, however, generated in the

measurement(open circley with a=0.88+0.28 andb collision, so collective expansion may be more easily in-

=0.34+0.12 as described in Rg#2]. For the 5% central ferred from transverse momentum distributions.

collisions, we measure 598+30, and is comparable to the Following the arguments of the preceding section, we

analyze the particlen; spectra. A parametrization of the;

distribution of particles emitted from a hydrodynamic ex-

A. Hydrodynamic-inspired fit

10° 10°s
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FIG. 15. The transverse mass distributions of inclusive identi- m; (GeV)
fied hadrons produced in 10% central events, includingztheas
measured in the electromagnetic calorimeter in PHENIX and pub- FIG. 16. The transverse mass distributions of the inclusive iden-
lished in Ref.[39]. tified hadrons produced in the 5% central events.
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temperature and collective radial flow velocity differs for
different particles. By using the information from all the par-
ticles, the expansion velocity can be inferred. We fit all par-
ticle species simultaneously with a functional form for a
boosted thermal source based on relativistic hydrodynamics
[44].

Use of this form assumes thét) all particles decouple
kinematically on a freeze-out hypersurface at the same
freeze-out temperatur&;,; (2) the particles collectively ex-
pand with a velocity profile increasing linearly with the ra-
dial position in the sourcgi.e., Hubble expansion where
fluid elements do not pass through one anothemd (3) the
particle density distribution is independent of the radial po-
sition. Longitudinally boost-invariant expansion of the par-
ticle source is also assumed.

vl vl vvd vl vl 3l

- .
'y 1
10

EL 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 05 1

15 2 25 3 35 40 05 1 15 2 25 3 35 4

m_ (GeV)

m_ (GeV)

The transverse velocity profile is parametrized as:

Br(&) = BTE", (13

FIG. 17. The transverse mass distributions of the inclusive iden-
tified hadrons produced in events with different centralities.

whereé=r/R, andR is the maximum radius of the expand-

ing source at freeze-o0 < £< 1) [45]. The maximum sur-
panding hadron source is used. In order to determine thtace velocity is given byt and for a linear velocity
freeze-out temperature and collective flow without confusiorprofile, n=1. The average of the transverse velocity is
from hard scattering processes, a limifdrange is used in equal to
the fits. We include only particles wittmy—my) <1 GeV in
the fit. Pions with (my—my)<0.38 GeV are excluded to
avoid resonance decays. All particles are assumed to de- _
couple from the expanding hadron soufdd] at the same “24+n" T
freeze-out temperatur&,. This procedure allows us to ex- def
tract T;, and the magnitude of the collective boost in the
transverse direction. Each fluid element is locally thermalized and receives a

The inverse slope includes the local temperature of a seqransverse boosi that depends on the radial position as
tion of the hadronic matter along with its collective velocity.
p=tani(Br(9).

The simple exponential fit of Eq10) treats each particle

spectrum as a static thermal source, and a collective expan- ) ) _ _

sion velocity cannot be extracted reliably from a single- The My dependence of the invariant yiettN/mydmy is de-
particle spectrum. However, the relative sensitivity to thetermined by integrating over the rapidity, azimuthal angle,

f Frogeds

(Br)= (14)

(15

5

4.5

and radial distribution of fluid elements in the source. This
procedure, discussed in Appendix C, yields

E d®N ! mycoshp) | [ prsinh(p)
~ E — =Af mTf(f)K1< lo &de.
5 a5 E mrdmedy  Jo Tto Tro

5 3 = (16)
g’ 25 j
5 EAT AN /dn T E The parameters determined by fitting Efj6) to the data are
S . PHCEhN|r>]< P E the freeze-out temperatufie,, the normalizatiom, and the
z 155 ° E maximum surface velocityT® using a flat particle den-
© E o STAR E . L L L T

o » PHOBOS E sity distribution[i.e., f(¢§)=1]. . _

05F —dNg/dn =aN . +bN To study the parameter correlations, we make a grid of
=2 N I S B AR A A B combinations of temperature and velocity, and perforyf a
0 150 200 250 300 400 .. . . . 4
N minimization to extract the normalizatigh for each particle

part

type. The fit is done simultaneously for all particles in the
range (my—mg) <1 GeV. In addition to this upper limit in

FIG. 18. Both the total charged multiplicityopen in Refs. . : . . L
[40—-47 and the total identified charged multiplicitglosed scaled the fit, the pion fit range includes a lower l_'m't_ ¢y
by the number of participant pairs are plotted together as a function Mo) > 0-38 GeV to avoid the resonance contribution to the
of the number of participants. The lines correspond to the fit of 40W-Pr region(see Sec. VA2
linear parametrization 0Ny and Neo to the PHENIX charged The_r_ad|al flow veloc_lty ar_1d freeze-out temperature for all
multiplicity measurementopen circleg with a=0.88+0.28 anc centralities are determined in the same way. The results are
=0.34+0.12 as described in R¢&2]. plotted together with the spectra in Fig. 19. The hydrody-
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FIG. 19. The parametrization
and thepr hadron spectra for all
five centrality selections.
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namic form clearly describes the spectra better than the As a linear velocity profilgn=1 in Eq.(13)] is assumed,
simple exponential in Fig. 14. The values fo, and B7%*  the mean flow velocity in the transverse plane (&)

are tabulated in Table VI. =2B7%/3. If a different particle density distributioffor in-

Figure 20 showsy® contours for the temperature and ve- stance, a Gaussian function f6£)] were used, then the

Ioci.ty parameters for the 5% most central collisions_. Theaverage should be determined after weighting accordingly
n-sigma contours are labeled up te.8The x? contours in- 6[43

dicate strong anticorrelation of the two parameters. If th

freeze-out temperature decreases, the flow velocity increasq%ported by the NA49 Collaboration in Ré#6]. Using the

The minimum? is 34 and the total number of degrees of : ot : .

g . same hydrodynamic parametrization, simultaneous fits of
freedom(DOF) is 40. The parameters that correspond to th'sseveral hadron species for the highest enerav resuli. in
minimum areT,=121+4 MeV andgM=0.70+0.01. The P g gy resutSo

=127+1 MeV MmaX=( 48+0.01 withy2/NDF=120/4
quoted errors are theolcontour widths ofA BT* and ATy, eV andBr™=0.48+0.01 withy"/ 0/43

o . for positive particles andT;,=114+2 MeV and gI'**

max 0 T
Within 3o, the Ty, range is 106-141 MeV and thgy =0.50+0.01 with y2/NDF=91/41 for negative particles
range is 0.75-0.64.

(statistical errors only Pions and deuterons are excluded

TABLE VI. The minimum x? and the parametefg, and B1'®* from the fits to avoid dealing with resonance contributions to
for each of the five centrality selections. The best fit parameters arthe pion yield and formation of deuterons by coalescence.
determined by averaging all parameter pairs within thecintour. ~ The ¢ meson is included in the fit together with the negative
The errors correspond to the standard deviation of the parametgrarticles. Previously, NA49 used a different parametrization
pairs within the I x2 contour. It is important to note that the fit to fit the charged hadron and deuteron spectra, as well as the
range in Fig. 19 is the same as was used toiexponentials to the  my dependence of measured Hanbury Brown—Twiss source
spectra in Fig. 14. radii, resulting in overlappingx? contours with Ty,
=120+12 MeV andBy®=0.55+0.12[47].

A similar analysis for Pb+Pb collisions at 14&eV, was

Centrality(%) x*/DOF  T;(MeV) BT (B

0-5 34.0/40 121+4 0.70+0.01 0.47+0.01

5-15 34.7/40  125+2  0.69+0.01 0.46+0.01 1. Velocity and particle density profile

15-30 36.2/40 134+2 0.65£0.01 0.43+£0.01

30-60 68.9/40 140+4 058+001 0.39+0.01 In order to used7® and Ty, from the fits described above,
60-92 36.3/40 1618  0.24:016  0.16:016 one needs to know their sensitivity to the assumed velocity

and particle density profiles in the emitting source. The
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FIG. 21. The difference in the local slope for direct and inclu-

0.8
& sive pions(solid) and (antiprotons(dashedl

ever, these were for systems with higher baryon density, so
we performed a cross-check on possible systematic uncer-
tainties arising from the pion threshold used in the fits. To
estimate the effect of resonance decays were they not ex-
cluded from the fit, we calculate resonance contributions fol-
lowing Wiedemanri52].

In order to reproduce the relative yields of different par-
ticle types, a chemical freeze-out temperature—different
from the kinetic freeze-out temperature—and a baryonic
chemical potential are introduced. Direct production and

01 0.2 ghgax 04 05 resonance contribution are calculated for pions @mdipro-

BT tons assuming a kinetic freeze-out temperature of 123 MeV,
a transverse flow velocity of 0.61Pequivalent to{Bt)
] ©. ; =0.44, a baryon chemical potential of 37 MeV, and a
that result after simultaneously fitting hadrons in the 0-5% cencpemical freeze-out temperatuf@hen particle production
trality (top) and 60—92 %(bottom). The n-sigma contours are la- stopg of 172 MeV. These parameters are chosen as they
beled accordingly in the top panel. The fit results are tabulated i'brovide a reasonable description of tlaatiproton and pion
Table VI. spectra and yield€l0% most centraland are in good agree-
ment with chemical freeze-out analysgs3]. Most spectra
choice of a linear velocity profile within the source is moti- from resonance decays show a steeper falloff than the direct
vated by the profile observed in a full hydrodynamic calcu-production, which should lead to a smaller apparent inverse
lation [48], which shows a nearly perfeCt linear increase Ofs|ope, depending on what fraction of the |cp'¢y part of the
B(r) with r. Nevertheless, we also used a parabolic profile topectrum is included in the fits.
check the sensitivity of the results to details of the velocity To measure the effect of resonance production on the
profile. For a parabolic velocity profilen=2 in Eq.(13)],  spectral shape, the local slope is determined. For a given

T increases by=13% andTy, increases by=5%. bin numberi, the local slope is defined as

A Gaussian density profile used with a linear velocity pro-
file increasesBT® by ~2%, with a negligible difference in o mp(i+1) -me(i - 1)
the temperaturdy,. As a test of the assumption that all the Tiocal(l) = = IN[NG + 1)] - In[NG - 1]’
particles freeze out at a common temperature, the simulta-
neous fits were repeated without the kaons. The difference iwhich is identical to the inverse slope independentneffor
Tt is within the measured uncertainties. an exponential.
The difference in the local slope,

FIG. 20. They? contours in the parameter spatg and g7

17

2. Influence of resonance production irect  —incl
. . AT\ocal= local — Tiocal (18
The functional forms given by Eq$10) and(17) do not

include particles arising from resonance or weak decays. As determined for direct and inclusive pions afahtipro-
resonance decays are known to result in pions at low trangens. The differences are plotted as a functiomgf-m, in
verse momenta[49-5], we place ap; threshold of Fig. 21. The difference in the local slope for protons is below
500 MeV/c on pions included in the hydrodynamic fit. A 13 MeV for the full transverse mass range; the nonmono-
similar approach was followed by NA44, E814, and othertonic behavior for protons is caused by the relatively
experiments at lower energies, which performed in-deptlstrong transverse flow. For pionA[T,., decreases mono-
studies of resonance decays feeding hadron spectra. Howenically with my and is below 10 MeV abovem;
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=1 GeV/c. A fit of an exponential to the pion spectra for 10'g
(my—my) >0.38 GeV (which corresponds to
pr>0.5 GeVk) yields a difference in the inverse slope of
16 MeV with and without resonances.

T T3
O 0-5% (x5) ]
® 5.15(x2)
0O 15-30 k|
A 3
A 6

===~ Hydro
Param. Fit

0-60 1
0-92 3

B. Comparison with hydrodynamic models

=

(1/2mp,) d°Nidp,dy (c*/GeV?)

=

Hydrodynamic parametrizations as used in the preceding
Section rely upon many simplifying assumptions. Another 10°t
approach to the study of collective flow is to compare the .

data to hydrodynamic models. Such models assume rapid G '°F —
equilibration in the collision and describe the subsequent 3 10F

motion of the matter using the laws of hydrodynamics. Large £

pressure buildup is found, and we investigate this ansatz by %o

checking the consistency of the data with calculations using N§1 :

a reasonable set of initial conditions. We compare to two
separate models, the hydrodynamics model of Kolb and
Heinz [54-5§ and the “hydro to hadrongH2H) model of L LDy L LN
Teaney and Shuryas7,58. The H2H model consists of a v
hydrodynamics calculation, followed by a hadronic cascade
after chemical freeze-out. The cascade step utilizes the rela- £ 22 The hydrodynamics calculation with initial parameters
tivistic quantum molecular dynami¢®RQMD) model, devel-  yneqd to match the most central spectra in tpe range
oped for lower energy heavy ion collisiof89]. 0.3-2.0 GeV¢.

In both models, initial conditions are tuned to reproduce
the shape of the transverse momentum spectra measuredtiifin input parameters. Furthermore, following the hadronic
the most central collisions, along with the charged particldnteractions explicitly with RQMD removes the need to res-

yield. Each model also includes the formation and decay of@le the particle ratios at the end of the calculation, as they
resonances. are fixed by the hadronic cross sections rather than at some

In the Kolb and Heinz modg54-58, the initial param- particular freeze-out temperature. The LH8 equation of state
eters are the entropy density, baryon number density, th cludes a phase transition with a latent heat of 0.8 GeV. In

equilibrium time, and the freeze-out temperature which con; efs.[57,6, the () and the¢ are shown to decouple from

trols the duration of the expansion. The chemical freeze—ou%he expanding system &t=160 MeV, and they receive a
ow velocity boost of 0.48. Pions and kaons decouple at

temperature is the temperature at which particle productioq.: 135 MeV with flow velocity equal to 0.55¢, while pro-

ceases. The initial entropy or energy density and maximuneOns haveT=120 MeV and fiow velocity greater than or

temperature are fixed to match the measured multiplicity f(.)requal to 0.6. These temperatures and flow velocities are con-

the most central collisions using a parametrization that igigient with the values extracted from the data for the most
tuned to produce the measure,/d» dependence on both  central events. However, the average initial energy density
Npar @nd Neoi. A kinetic freeze-out temperature of;,  exceeds the experimental estimate using formation tigne
=128 MeV is used. Spectra from the Kolb-Heinz hydrody-=1 fm/c.
namic model are shown in Fig. 22 for pioagpe) and for Figure 23 shows radial flow from the fits of the preceding
protons(lower) as dotted lines. The solid lines are the resultssection as a function of the number of participants Tey
from the fits described in the previous sections. Figure 22top) and (8;) (bottom). There is a slight decrease @f,,
thus allows two comparisons. The similarity of the dashedyhile (8;) increases withN,,,, saturating at 0.45. The value
and solid lines shows that the hydrodynamic-inspired paramggt (By) from Kolb and Heinz[54-5§ is also shown, and
etrization used to fit the data results ipadistribution simi- agrees with the data reasonably well. In the plot®#, the
lar to this hydrodynamic calculation. Comparing the dashegjashed line indicates the results of fitting the parametrization
lines to the data points shows that the hydrodynamic mode the data while keeping, fixed at 128 MeV to agree with
agrees quite well for most of the centrality ranges. It is im-the value used by Kolb and Heinz. Radial flow values for
portant to note that the model parameters are uncertain at th@ntral collisions remain unchanged, while those in periph-
level of 10%, and, more importantly, the application of hy- eral collisions increase. Even with the extreme assumption
drodynamics to peripheral collisions may be less reasonablgat all collisions freeze out at the same temperature, regard-
than for central collisions, as hydrodynamic calculations astess of centrality, the trend in the centrality dependence of
sume strong rescattering and a sufficiently large system sizfae radial flow does not chang&3;) would increase some-
(discussed in Ref56)). what if a full feed-down correction for protons and antipro-
In Refs.[57,6Q, the PHENIXp spectrum shape is well tons could be made. The lop# part of the spectrum would
described by the H2H model with the LH8 equation of stateflatten slightly, as seen in Fig. 12. The resulting
The cascade step in the H2H model removes the requiremehydrodynamic-inspired fit to the data, shown as the solid line
that all particles freeze out at a common temperature. Thui Fig. 22, would be drawn nearer to the Kolb-Heinz hydro-
the freeze-out temperature and its profile are predicted, rathelynamic model indicated by the dashed lines in Fig. 22.

)

=

(1/2mp
Ay
o.

T

024904-18



SINGLE IDENTIFIED HADRON SPECTRA FROM.

200
180
160
140
120
100

T,, (MeV)

[o2 3]
o O

e o
o o

<|3T>
© o o o
P, N w N

o

FIG.

!

" 1 1 1 1 1 1 "
50 100 150 200 250 300 350
N

part

23. The expansion paramet&ks and 87

as a function of

PHYSICAL REVIEW C 69, 024904(2004)

TABLE VII. Fit parameters for each particle species using Egs.

- o Param. Fit (19) and (20).

,# - Hydro

— . Particle Qpart Aeoll

I g

| t 1.06+0.01 0.79+£0.01

B 7 1.08+0.01 0.80%0.01

| K* 1.18+0.02 0.88+0.02

5 : ‘ ‘ ‘ ‘ ‘ ‘ K~ 1.20+0.03 0.89+0.02

— * 1.16+0.02 0.86+0.02

- [ —— = P

- e e p 1.14+0.03 0.84+0.02

L e Param. Fit

i - T =128 MeV

B O Hydro from the hydrodynamic extrapolation, other contributions,
cl as, e.g., from hard processes or nonequilibrium production

become visible. The approach described here differs from
hydrodynamic fits to the entire hadron spectrum, as we fix
the parameters from the lopt region alone, where soft
physics should be dominant.

the number of participants. As a comparison, the results from a The hadron spectrum is calculated using the fit parameters

hydrodynamic model calculation are also shoyiRefs. [54-58).

from the low{y region fits shown in the preceding section,

The dashed line COI‘I’espondS to a fixed temperature of 128 MeV fOénd extrapolated to hlgheﬁ_ F|gure 24 ShOWS the Calculated

all centr

alities in the parametrized fit to the data.

C. Hydrodynamic contributions at higher py

spectrum for each particle type, and the sum of the extrapo-
lated spectra is compared to the measured charged hadrons
(h*+h7) in the 5% most central collisions. As nonidentified

We use the parameters extracted from the fit to theharged hadrons are measuredjimather than iny, the ex-

charged hadron spectra in the Igw-region to extrapolate
the effect of the soft physics to highgx. This yields a

trapolated spectra are converted to unitspofThis conver-
sion is most important in the loyw; region. No additional

prediction for the spectra of hadrons should a collective exScale factor is applied—the extrapolation and data are com-

panding thermal source be the only mechanism for particl®@red absolutely. Below=2.5 GeVk pr, the agreement is
production in heavy ion collisions. Comparing this predic- V€'Y 90od, while at highepy the data begin to exceed the

tion to the measured spectrum of charged particles or neutr@ydrodynamic extrapolation.

pions should indicate thpr range over which soft thermal

Other hydrodynamic calculations have been successful in

processes dominate the cross section. Where the data devi§@Scribing the distributions over the ful range[61] with

different parameter values. There are clear indications that
particle production from a hydrodynamic source, if invoked

N 7 o | ma‘x - 3 to explain the spectra at loyw, will have a non-negligible
' of By =0.70 ] . .
10 \ = influence even at relatively Iargmr._ Furthermore, the range
S Fo © T, =121 MeV 3 of pr populated by hydrodynamically boosted hadrons is
L 10 ¥ = species dependent. This is clearly visible in Fig. 24, which
% B ] shows that the extrapolated proton spectra have a flpiter
> 1g E distribution than the extrapolated pions and kaons. The yield
< 1§ ] of the “soft” protons reaches, and even exceeds, that of the
S0k E extrapolated soft pions at 2.5 Ge¥ p;. Therefore the tran-
> ; ] sition from soft to hard processes must also be species de-
10 o E pendent, and the boost of the protons causes the region
E o) 3
= 3r radial flow fit Te+K*+p* o) B
g0 F . adial flow fit 1o+t B ? 3 TABLE VIII. Values of the parametens,, andx from fitting Eq.
g 10-4; s radial flow fit K +K” é (21) to the ObserVe“ﬂN/dy per Npart-
~ E o-oeeees radial flow fit p+ p E
10-57\\H‘HH‘HH‘HH‘\\H‘\H\‘HH‘HH‘HH‘\HF npp X
0 051 15 2 25 3 35 4 455 w* 1.41+0.11 0.028+0.020
p; (GeVic) w 1.10+0.11 0.085+0.030
K* 0.130+0.021 0.232+0.076
K~ 0.089+0.020 0.326+0.132
FIG. 24. The highgt hadron spectra in Ref39] compared to the p 0.089+0.013 0.181+0.062
fit results assuming radial flow from the,K,p spectra in the 5% P 0.062+0.010 0.172+0.068

central events.
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where hard processes dominate the inclusive charged particle TABLE IX. Invariant yields for7*, K*, and(antjp measured in

spectrum to be at significantly higher transverse momenta ifinimum-bias events at midrapidity and normalized to one rapidity

central Au+Au than irp+p collisions. Our analysis suggests Unit. The errors are statistical only.

this occurs not lower thap;=3 GeV/c.

pr(GeV/c) O K* p(p)
0.25 112+2
D. Hadron yields as a function of centrality 109+2
0.35 56+1
The preceding discussion focused on the hadron spectra; 49.9+0.9
now we turn to the centrality dependence of the pion, kaon, .45 28.0+05 6.1+0.4
protgn, and antiprotqn yields, which can shed fur_ther light on 241405 46+04
t_he |mp.ort'ance of different mechanlsms in particle produc- 0.55 15.7+0.3 40403 23401
tion. It is instructive to see whether yields of the different 14.640.3 3940.2 12401
hadrons scale with the number of participant nucledtys,, 0.65 9 1;0 5 ) 8:0 ) 1 810 1
the number of binary nucleon-nucleon collisioé,,, or ' o e S
some combination of the two. 8.740.2 2.1£0.2 1.17+0.09
The total yields of the hadrons may be expected to be 075 5.8+0.1 1.7+0.1 1.38+0.08
dominated by soft processes, and the wounded nucleon 5.6£0.2 16+0.1 0.98+0.07
model of soft interactions suggests that the yields should 0.85 3.8+0.1 1.30+0.08 1.18+0.07
scale as the number of participant,,. If each participant 3.6+0.1 1.17+0.09 0.95+0.07
loses a certain fraction of its incoming energy, as, e.g., in  0.95 2.40+0.08 0.87+0.06 0.98+0.06
string models, where each pair of participatds wounded 2.28+0.08 0.69+0.06 0.65+0.05
nucleong contributes a color flux tube, the total energy of 1.05 1.61+0.06 0.62+0.04 0.70+0.04
the fireball formed at central rapidity would be proportional 1.61+0.06 0.53+0.05 0.50+0.04
to the numbeN,, of participants. If, furthermore, the fire- 115 103+0.04 0.43+0.03 0.60+0.04
ball is locally thermalized and particle production is deter- 11740.05 0.38+0.04 0.35+0.03
mined at a single temperature, the multiplicity would scale B - -
with Np, On the other hand, at very high, particle pro- 1.25 0.7120.03 0.33+0.03 0.41x0.03
duction may be dominated by hard processes and scale with 0.7620.04 0.27+£0.03 0.34£0.03
Ngo [62,63. 1.35 0.46+0.02 0.20+0.02 0.32+0.02
In order to investigate the existence of scaling, the multi- 0.54+0.03 0.16+0.02 0.22+0.02
plicities are parametrized as 1.45 0.35+£0.02 0.17+£0.02 0.23+£0.02
0.31+£0.02 0.13+£0.02 0.18+0.02
1.55 0.24+0.02 0.10+£0.01 0.17+£0.02
0.22+£0.02 0.10+£0.01 0.15+£0.02
d_N - C(Npart)apa” (19) 1.65 0.16+0.01 0.08+£0.01
dy 0154001  0.07+0.01
1.70 0.119+0.008
0.080+0.007
and 1.75 0.11+£0.01
0.11+£0.01
1.85 0.079+0.008
0.092+0.009
‘;_N = C (Nggy) ®eo. (20) 1.90 0.068+0.006
y 0.041+0.005
1.95 0.063+0.007
0.066+0.008
Fit results for these parametrizations are shown in Table VII. 2.05 0.036:£0.005
As can be seen, the exponents,; are >1 for all species, 0.034+0.005
while ag is consistently<1. The production of all par- 2.10 0.036+0.004
ticles increases more strongly than with,, but not as 0.022+0.003
strongly as withN.y. Small differences between the dif- 2.15 0.026+0.004
ferent particle species are apparent: Taeti)proton yield 0.025+0.004
increases more strongly than the pion yield, and the kaon 2.25 0.015+0.003
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TABLE X. Pion inavariant yields in each event centrally gmdbin measured at midrapidity, normalized
to one rapidity unit. For each measurgglbin, the postitive pion yield is the top row and the negative pion
yield is the bottom row. Errors are statistical only.

pr(GeV/c) 0-5% 5-15% 15-30% 30-60 % 60-92 %
0.25 3559 282+6 186+4 81+2 13.2+0.5
371+10 2757 180+4 74+2 12.1+0.5
0.35 188+5 146+3 93+2 36.6+0.8 5.3+0.2
169+5 128+3 82+2 34.3+x0.9 5.0+0.2
0.45 95+3 74+2 48+1 17.5+£0.5 2.7+0.1
86+3 63+2 401 15.7+£0.5 2.1+01
0.55 56+2 411 26.0£0.7 10.1+0.3 1.32+£0.09
51+2 38+1 24.5+0.8 9.6+0.3 1.18+0.09
0.65 32+1 25.6+0.8 15.0+0.5 5.3£0.2
301 22.6+0.8 14.5+0.5 5.7+£0.2
0.70 0.62+0.04
0.57+0.04
0.75 21.1+0.9 15.4+0.6 9.9+0.4 3.6+0.1
20+1 15.3+0.6 9.5+0.4 3.5+£0.2
0.85 14.0+0.7 10.3+0.4 6.4+0.3 2.3+0.1
12.8+0.8 9.6+0.5 6.1+0.3 2.1+0.1
0.90 0.19+0.02
0.24+0.02
1.00 7.1+0.3 5.3+0.2 3.4%0.1 1.25+0.05
6.5%£0.3 5.0£0.2 3.4%0.1 1.25+0.05
1.20 3.2+0.2 2.2+0.1 1.47+0.07 0.55+0.03 0.064+0.006
3.3+0.2 2.6+0.1 1.51+0.08 0.63+0.04 0.061+0.007
1.40 1.3+0.1 1.01+0.07 0.72+0.04 0.27+0.02
1.320.1 1.25+0.09 0.72+0.05 0.26+0.02
1.60 0.55+0.07 0.57+0.05 0.33+0.03 0.14+0.01 0.015+0.003
0.51+0.07 0.57+0.05 0.30+0.03 0.12+0.01 0.014+0.003
1.80 0.35+0.05 0.25+0.03 0.15+0.02 0.060+0.008
0.40+0.06 0.27+0.03 0.14+0.02 0.075+0.009
2.00 0.18+0.03 0.13+0.02 0.10+0.01 0.023+0.004 0.005+0.001
0.18+0.04 0.13+0.02 0.09+0.01 0.029+0.005 0.004+0.001
2.20 0.043+0.02 0.07+0.01 0.034+0.007 0.012+0.003
0.09+0.03 0.05+0.01 0.042+0.009 0.012+0.003

yield shows the strongest centrality dependence. Remarlgradually fades away with increasing reaction volume, and
ably, the yield fraction scaling beyond linear wily,is  grand canonical descriptions suffice for central Au+Au col-
larger for kaons, protons, and antiprotons than for pionslisions [66]. Therefore, simple scaling witN,, should not
Perhaps it is not surprising that the yields do not scalée expected for kaons. This does not, of course, explain the
simply with N, the collective flow seen in thpr spectra  rise of baryon and antibaryon production faster than linear

already shows that the nucleon-nucleon collisions cannowith Npg.
be independent. We next check whether the simple model of hadron yields

It should be noted that scaling with multiplicity is not can be brought into agreement with the data by adding a
actually a good expectation for kaons. Kaon production atomponent of the yields scaling as the number of binary
the CERN SPS can be well understood with a statistical hadeollisions, N.;. Such an admixture inspires simple two-
ronization model[64,65, if one takes into account the fact component model$62,63. The nonlinearity ofdN/dy on
that strangeness must be produced in the collisionssin the number of participants is illustrated by the ratio
pairs. Strangeness production is suppressegpigollisions  (dN/dy)/Np,, shown in Fig. 25 as a function of centrality.
by phase space limitations fes pair production. This sup- The yields are seen to depend linearlyyy;/ Npa e AS seen
pression, well described by a canonical ensemble treatmerd)ready from the exponents in Table VII, the increase with
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TABLE XI. Kaon invariant yields in each event centrality apg bin, measured at midrapidity and
normalized to one rapidity unit. The top row in eagh bin is K*, and the bottom row i&~. Errors are
statistical only.

pr(GeV/c) 0-5% 5-15% 15-30% 30-60 % 60-92 %
0.44 0.5+0.1
0.4+0.1
0.45 213 16+2 10+1 4.3+0.5
21+3 13+2 7x1 2.5x0.4
0.54 0.20£0.07
0.3+0.1
0.55 15+2 11+1 6.6£0.7 2.4+0.3
13+2 8x1 4.8+0.6 2.3+0.3
0.65 9+1 7.5+0.7 4.7+x0.4 1.9+0.2
8x1 7.0+£0.8 3.1+04 1.1+0.2
0.69 0.18+0.03
0.14+0.03
0.75 5.3+0.7 4.6+0.5 3.1+0.3 0.9+0.1
5.1+0.8 5.0+0.6 2.5%0.3 0.9+0.1
0.85 5.7+0.7 3.6x04 2.1+0.2 0.67+0.08
3.6+£0.6 3.7+0.4 2.0£0.2 0.64+0.09
0.89 0.07+0.02
0.09+0.02
0.95 3.0£0.4 2.3£0.2 1.5+0.2 0.51+0.07
2.4+0.4 2.3+0.3 1.0£0.2 0.35+0.06
1.05 2.3+0.3 1.5+0.2 1.2+0.1 0.37+£0.05
1.8+0.3 1.8+0.2 0.8+0.1 0.27+0.05
1.15 1.6+£0.3 1.3+0.2 0.62+0.09 0.29+0.04
1.4+0.3 0.9+£0.2 0.7+0.1 0.23+£0.04
1.17 0.012+0.004
0.015+£0.005
1.25 1.1+0.2 1.0+£0.1 0.66+0.09 0.15+£0.03
1.2+0.2 0.8+£0.1 0.41+0.08 0.15+0.03
1.35 0.6x0.1 0.6£0.1 0.35%£0.05 0.12+£0.02
0.9+0.2 0.5+0.1 0.22+0.05 0.05+0.02
1.45 0.5+0.1 0.45+0.08 0.32+0.05 0.10+0.02
0.4+0.1 0.36+0.08 0.26+0.05 0.07+0.02
1.55 0.4+0.1 0.26+0.06 0.14+0.03 0.07+0.02
0.4+0.1 0.28+0.07 0.21+0.04 0.04+0.01
1.57 0.008+0.002
0.004+0.002
1.65 0.4+0.1 0.24+0.05 0.10+0.03 0.05+0.01
0.12+0.06 0.23+0.06 0.12+0.03 0.04+0.01
centrality is strongest for kaons, intermediate fantipro- _ dN/dy 1 Neoll
tons, and weakest for pions. This indicates that protons and R= Noar =(1 _X)nppa +anpN

antiprotons have a larger component scaling With, than part

pions. =n [E+X(M—l>] (21
We fit the yields per participant with E¢21). As in Refs. PPl 2 Noar 2/

[62,63 we parametrize the multiplicity using two free pa-

rametersn,,, the multiplicity in p+p collisions, andx, the  The results of the fit are shown as solid lines in Fig. 25. The

relative strength of the component scaling Witk fit parameter values are given in Table VIII. All hadron spe-
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TABLE XIl. (Anti)proton invariant yields in each event centrality gmdbin, measured at midrapidity and normalized to one rapidity
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unit. The top row in eaclpt is the proton yield, and the bottom row the anitproton. The errors are statistical only.

pr(GeV/c) 0-5% 5-15% 15-30% 30-60 % 60-92 %
0.545 0.26+0.06
0.12+0.05
0.55 8+1 4.9+0.5 4.0+0.4 1.6+0.2
4.2+0.8 2.8+£0.5 2.0£0.3 0.8+0.1
0.65 6.3+0.7 4.7+0.4 2.7+0.2 1.2+0.1
4.3+0.7 2.6+x0.4 1.9+0.3 0.9+0.1
0.695 0.14+0.02
0.14+0.03
0.75 4.4+0.5 4.0+0.4 2.2+£0.2 0.90+0.08
3.6+0.5 2.5+0.3 1.7+£0.2 0.60+0.08
0.85 3.9+0.4 3.320.3 1.9+0.2 0.75+0.07
2.9+0.5 2.5%£0.3 1.8+0.2 0.62+0.08
0.895 0.10+0.02
0.06+0.01
1.00 3.1+0.2 2.4+0.2 1.37+0.09 0.46+0.03
2.1+0.2 1.5+0.1 0.91+0.08 0.41+0.04
1.18 0.031+0.005
0.018+0.004
1.20 2.0£0.2 1.4+0.1 0.82+0.06 0.28+0.02
1.4+0.2 1.0+£0.1 0.54+0.05 0.19+0.02
1.40 1.1+0.1 0.74+0.07 0.46+0.04 0.14+0.01
0.9+0.1 0.50+0.06 0.32+0.04 0.13+0.02
1.58 0.005+0.002
0.007+0.002
1.60 0.54+0.07 0.49+0.05 0.25+0.03 0.09+0.01
0.49+0.08 0.37+0.05 0.20+0.03 0.053+0.009
1.80 0.34+0.05 0.25+0.03 0.16+0.02 0.047+0.007
0.27+0.06 0.11+0.02 0.10+0.02 0.021+0.005
1.98 0.003+0.001
0.0005+0.0005
2.00 0.20+0.04 0.12+0.02 0.10+0.01 0.029+0.005
0.16+0.04 0.08+0.02 0.05+0.01 0.026+0.006
2.20 0.13+0.03 0.08+0.02 0.05+0.01 0.008+0.002
0.04+0.02 0.03+0.01 0.025+0.007 0.010+0.003
2.41 0.0010+0.0006
0.0020+0.0008
2.425 0.06+0.02 0.05+0.01 0.017+0.005 0.007+0.002
0.05+0.02 0.04+0.01 0.011+0.004 0.006+0.002
2.675 0.014+0.008 0.019+0.006 0.010+0.003 0.004+0.001
0.005+0.005 0.018+0.007 0.002+0.002 0.0012+0.0008
2.908 0.0006+0.0004
0.0005+0.0003
2.925 0.017+0.007 0.006+0.003 0.006+0.002 0.003+0.001
0.020+0.009 0.009+0.004 0.003+0.002 0.0009+0.0006
3.175 0.013+0.006 0.002+0.002 0.003+0.002 0.0012+0.0007
0.006+0.004 0.003+0.002 0.0010+0.001
3.425 0.004+0.003 0.003+0.002 0.002+0.001 0.0007+0.0005
0.002+0.002 0.001+0.001 0.002+0.001 0.0003+0.0003
3.675 0.003+0.003 0.0003+0.003
0.003+0.003 0.0008+0.0008
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05,5 1 = . y 3 FIG. 26. Kaon to pion ratio as a function pf. The different
N /N points are measured ip+p collisions (data from Ref[69]). The
coll" Npart

solid line is the asymptotic value for highy in p+p derived from

the hard scattering component of the fits using @4) to the mea-
sured centrality dependence afN/dy in Au-Au collisions at
vsyn=130 GeV. The dashed lines indicate the corresponding uncer-
tainty.

FIG. 25. dN/dy per participant of different particle species as a
function of the number of collisions per participant. Kaon and
(antiproton multiplicities are scaled by a factor of 20.

cies are well fit. The importance of the component scaling as ) o
Ny is the largest for kaons and smallest for pions. with t_he number of blna_ry collisions. Consequently, we look
We check the consistency of the fits in Fig. 25 with @t ratios of theN, scaling components alone, extrapolated
known hadron yields irp+p collisions by extrapolating the down to one binary coII|S|on._ The values are cqmpared to
fits down to two participantsand one binary nucleon- Measurements of hadron ratios at the IR)] in Figs. 26
nucleon collision. Isospin differences betweep+p and  and 27.The ratios of the extrapolated Au+Au yield fractions
Au+Au are ignored. The check is done by separately exScaling asNcy are shown as solid lines fqir=2 GeVi/c.
trapolating the fitted fraction of yield which scales witl,, ~ The agreement with thp+p data at highpy is quite good.
and the fraction scaling wittN,,; down to one nucleon- Finally, we directly comparg/ andp/ = ratios in cen-
nucleon collision and two participant nucleons, and summingfal Au+Au collisions withp+p, as a function ofpy. These
the result. One obtains particle ratios I6f w=(8.7+2.6§%  ratios from the 10% most central data, using the charged
andp/ 7=(4.9+0.8%. These values fall between those mea-Particle measurement from this paper and neutral pions from
sured at lowex/s at the ISR[67] and those at higharf% at the _Ref. [39], are shown in F_|g. 28. The ratios show a steady
Tevatron[68], as expected since the RHIC energy lies in-"CT€ase up to 2.5 Ge¥/in pr. Even though the simple

between. Thus the Au+Au data are shown to scale down tgXirapolation of theN,, scaling yield fraction agreed with
p+p reasonably. p+p, the ratios of the full yield significantly exceed those in

One may expect that the particle ratios at very hjgh the ISR measuremenf69]. According to Gyulassy and co-
should be dominated by hard scattering, and therefore scale

c 12
o L
TABLE IX. (Continued) a . Alper et.al NP B100,237(1975) ]
~ 1f+ 63GeV .
+ + E E * 53 Gev E
pr(GeVic) s K* p(p) S 08f-a 45Gev 3
2 Fo3icev ]
0.020+0.004 € 060 23Gev 3
2.30 0.020+0.003 ° o F
0.012+0.002 o4E E
2.50 0.010+0.002 o2 4td ++ g S M A 3
0.011+0.002 . ,.J'w P . | —
2.70 0.006+0.001 0 1 2 3 4 G 5V/
0.0026+0.0009 Py (Gevic)
2.90 0.0035+0.0008 ) i i )
FIG. 27. Antiproton torr™ ratio as a function opy. The different
0.003+0.001 . ) .
points are measured ip+p collisions (data from Ref[69]). The
3.10 0.0028+0.0007  ggjig line is the asymptotic value for high- in p+p derived from
0.0011+0.0005  the hard scattering component of the fits using @4) to the mea-
3.30 0.0014+0.0005 sured centrality dependence dfN/dy in Au-Au collisions at
0.0010+0.0004  VSun=130 GeV. The dashed lines indicate the corresponding uncer-

tainty.
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ing. At high py, the baryon and antibaryon yields greatly
exceed expectations frop+p collisions. Thermal models,
which do not invoke strict scaling rules, can successfully
reproduce the data as well, providing that they include the
radial flow required by the spectra.

a1
a1

F op /T
op /O
L op /1, pp @53 GeV, ISR

Fep/ T
ep/ 10
- op/ 1, pp @53 eV, ISR

N~

proton / pion
N

w
T

anti-proton / pion
w

VI. SUMMARY AND CONCLUSION

N
T
——
——
———
——
——
———
[ ——
N

[y
T
=
T

We have presentﬂ the spectra and vyields of identified
hadrons produced insyy=130 GeV Au+Au collisions. The
yields of pions increase approximately linearly with the
number of participant nucleons, while the yield increase is
faster than linear for kaons, protons, and antiprotons.

Hydrodynamic analyses of the particle spectra are per-
proton to pion ratio as a function @f. The open circles represent formed: the spectra are fit with a hydrodynamic-inspired pa-
measurements ip+p collisions (data from Ref[69]). The filled  rametrization to extract freeze-out temperature and radial
ci.rcles show the 10% most central Au+Ay collisions. The neutralﬂoW velocity of the particle source. The data are also com-
pion spectra are from the data published in R&€]. pared to two full hydrodynamics calculations. The simulta-

workers[70] this result may give insight into baryon number neous f'.ts of pion, kaon, proton, and antiproton spectra show
transport and the interplay between soft and hard processeétfat radial flow in central collisions at RHIC exceeds that at

°'0*i

2

3 4 5 3 4 5
pT(GeV/c) pT(GeV/c)

FIG. 28. (a) Proton to pion ratio as a function @k. (b) Anti-

Of course, splitting the observed yields into portions tha orﬁeﬂegggliﬁ?f r!r:]c?(;ee?s,siew(;g]ngita\s?gr?tlI\t/%/lit%f ttﬁg ﬁ]()elgss'gpé d
scale withNpa andNegy IS by no means a unique explanation s ectr};I shg es, extracted freeze-out temperaiyrand the
of the data. The spectra and yields can also be well repr P PES, peraiy

duced by thermal models, which break such simple scaling ow velocity By in central coliisions.

due to the multiple interactions suffered by the constituents.

tudinal flow [71] are able to describe the centrality depen-equal pr bins. For eaclpy, the first line are the positive particle

dence of the midrapidityr®, K*, p, andp yields by tuning yields and the second are the negative particle yields. The units are
b 1 1 2

the chemical freeze-out temperatilig, the baryon chemical © /Gev?

potentialug and by introducing a strangeness saturation fac-

tor y. It was found thatug is independent of centrality, Pr(GeV/c) ™ K* (anthp
while both ys and T, increase from peripheral to central 55 11242

collisions. Within the same model, the centr’ﬂy dependence 109+ 2

of the particle yields at lower energyvsyy=17 GeV 0.35 5641

[72,73) are described by constaiit;, and ug. The strong ' -

centrality dependence in kaon production at both energies is 49.92£0.9

accounted for by the increase in the strangeness saturati®ft> 28.0£0.5 6.1x0.4

factor y,. Although the integrated particle yields are very 24.1+£0.5 4.6+£0.4

well described, such simple thermal models do not attempt a.55 15.7+0.3 4.0+0.3 2.3+0.1
comparison to the single-particle spectra, which clearly indi- 14.6+0.3 3.2+0.2 0.38+0.02
catz (l:entrallty dependent flow effects not included in they 7o 73401 218+0.09 1.55+0.06
model. 7.00.1 1.940.1 1.07+0.06

Thermal models that include hydrodynamical parameter
on a freeze-out hypersurface to account for longitudinal an 90 3.06+0.06 1.0720.05 1.08+0.04
transverse flow can reproduce the absolutely normalized par- 2.89+0.07 0.91£0.05 0.79+0.04
ticle spectra by introducing only two thermal parametgss ~ 1.20 0.91£0.02 0.38£0.02 0.49£0.02
and ug [74,79. In this approach, the thermal parameters are 0.98+0.02 0.32+0.02 0.35+0.01
independent of centrality, while the geometric parameters are.60 0.208+.007 0.104+0.006  0.157+0.007
adju;ted to Ireproduce the spectra. Good agreement v_viFh the 0.193+0.007 0.093+0.006 0.119+0.007
data is (_)btamgd up tpTzZ—_3 GeVk, however, an gxphcn . 0.050+0.003 0.051+0.003
comparison wlth the centrality dependence of the integrated 0.053+0.003 0.031+0.003
midrapidity yields has not yet been made.

This section shows that the yields of all hadrons increasé*® 0.0028+0.005 0.013+0.001
more rapidly than linearly with the number of participants, 0.0034+0.0006 0.009+0.001
but the increase is weaker than scaling with the number 0%.95 0.0036+0.0006
binary collisions. The excess beyond linear scaling Wik 0.0022+0.0005
is the strongest for kaons, intermediate fantjprotons, and 355 0.007+0.0002

weakest for pions. The centrality dependence of the total

0.0006+0.0002

yields can be well fit with a sum of these two kinds of scal-

024904-25



K. ADCOX et al. PHYSICAL REVIEW C 69, 024904(2004)

TABLE XIV. Pion invariant yields in each event centrality normalized to one rapidity unit at midrapidity. The first line corresponds to

positive pions and the second to negative pions.
pr(GeV/c) 0-5% 5-15% 15-30% 30-60 % 60-92 %
0.25 355+9 282+6 186+4 81+2 13.2+0.5
371+£10 2757 1804 74+2 12.1+0.5
0.35 188+5 146+3 93+2 36.6+0.8 5.3+0.2
169+5 128+3 8212 34.3£0.9 5.0£0.2
0.45 95+3 74+2 48+1 17.5+0.5 2.7+0.1
86+3 63+£2 401 15.7+£0.5 2.1+0.1
0.55 56+2 41+1 26.0£0.7 10.1+0.3 1.32+0.09
51+2 38+1 24.5+£0.8 9.6+£0.3 1.18+0.09
0.70 26.3£0.8 20.2+£0.5 12.3+0.3 4.4+0.1 0.62+0.04
24.7+0.9 18.6+0.6 11.8+0.4 45+0.1 0.57+0.04
0.90 11.0+0.4 7.9+£0.2 5.1+0.2 1.79+0.06 0.19+0.02
10.0£0.5 7.9+0.3 5.0£0.2 1.76+0.07 0.24+0.02
1.20 3.1+0.1 2.37+0.09 1.50£0.05 0.58+0.02 0.064+0.006
3.4+0.2 2.7+0.1 1.67+0.07 0.64+0.03 0.061+0.007
1.60 0.62+0.05 0.54+0.03 0.34+0.02 0.142+0.009 0.015+0.003
0.63+0.06 0.58+0.04 0.32+0.02 0.129+0.009 0.014+0.003
2.00 0.17+0.02 0.14+0.01 0.083+0.009 0.027+0.003 0.005+0.001
0.20+0.03 0.14+0.02 0.09+0.01 0.035+0.004 0.004+0.001
2.45 0.005+0.003 0.009+0.003 0.006+0.002 0.0017+0.0006
0.011+£0.005 0.11+0.004 0.005+0.002 0.0025+0.0009
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TABLE XV. Kaon invariant yields in each event centrality normalized to one rapidity unit at midrapidity. The first line corresponds to

positive kaons and the second to negative kaons.
pr(GeV/c) 0-5% 5-15% 15-30 % 30-60 % 60-92 %
0.45 21+3 16+2 101 4.3x0.5 0.5+£0.1
21+3 132 71 2.5x0.4 0.4+0.1
0.55 15+2 11+1 6.6£0.7 2.4+0.3 0.20+£0.07
13+£2 8x1 4.8+0.6 2.3+£0.3 0.3£0.1
0.70 8.0+0.7 6.6+0.5 4.3+0.3 1.5+0.1 0.18+0.03
7.0+0.8 6.5+0.6 3.1+0.3 1.1+0.1 0.14+0.03
0.90 45+0.4 3.1+0.2 1.9+0.1 0.62+0.06 0.06+0.02
3.3x04 3.3x0.3 1.6+0.2 0.5+0.06 0.09+0.02
1.20 1.4+0.1 1.10+£0.08 0.68+0.05 0.22+0.02 0.012+0.004
1.3+0.1 0.97+0.08 0.50+0.05 0.17+0.02 0.015+0.005
1.60 0.36+0.05 0.29+0.03 0.17+0.02 0.062+0.007 0.008+0.002
0.29+0.05 0.27+0.03 0.20+0.02 0.058+0.008 0.004+0.002
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TABLE XVI. (Anti)proton invariant yields in each event centrality normalized to one rapidity unit at midrapidity. The first line

corresponds to protons and the second to antiprotons.
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pr(GeV/c) 0-5% 5-15% 15-30% 30-60 % 60-92 %
0.55 8x1 49+0.5 4.0+£0.4 1.6+0.2 0.26+0.06
4.2+0.8 2.8+£0.5 2.0£0.3 0.8+0.1 0.12+0.05
0.70 5.4+0.4 4.5+0.3 2.5%£0.2 1.06+0.07 0.14+0.02
4.4+0.5 2.9+0.3 2.0£0.2 0.80+0.08 0.14+0.03
0.90 3.9+£0.3 3.1+£0.2 1.9+0.1 0.71+0.05 0.10+0.02
2.8+0.3 2.1+£0.2 1.4+0.1 0.58+0.05 0.06+0.01
1.20 1.9+0.1 1.37+0.08 0.78+0.04 0.26+0.02 0.031+0.005
1.3+0.1 0.96+0.07 0.56+0.04 0.21+0.02 0.018+0.004
1.60 0.60+0.06 0.44+0.03 0.27+0.02 0.087+0.008 0.005+0.002
0.49+0.06 0.34+0.03 0.19+0.02 0.062+0.007 0.007+0.002
2.00 0.20+0.03 0.15+0.02 0.09+0.01 0.025+0.003 0.003+0.001
0.15+0.03 0.07+0.01 0.055+0.009 0.019+0.003 0.0005+0.0005
2.45 0.06+0.01 0.040+0.007 0.020+0.004 0.006+0.001 0.0010+0.0006
0.04+0.01 0.028+0.006 0.011+0.003 0.005+0.001 0.0020+0.0008
2.95 0.015+0.005 0.007+0.002 0.005+0.002 0.0023+0.0007 0.0006+0.0004
0.013+0.005 0.008+0.003 0.002+0.007 0.0003+0.0003 0.0005+0.0003
3.55 0.003+0.002 0.0012+0.007 0.0014+0.006 0.0005+0.0002
0.002+0.001 0.0011+0.007 0.0013+0.006 0.0002+0.0002
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Tabulated here are the measured invariant yields of pions,
APPENDIX A: DETERMINING  Npat AND N kaons, andantiprotons produced in Au+Au collisions at
As only the fraction of the total cross section is measured.30 GeV. Tables IX—XII show the invariant yields plotted in
in both ZDC and BBC detectors, a model-dependent calcuFigs. 9 and 10. Tables XIlI-XVI show the invariant yields in
lation is used to map collision centrality to the number ofequalp; bins as used in Fig. 11.

participant nucleons,Np,, and the number of binary
nucleon-nucleon collisiond\. A discussion of this calcu-  APPENDIX C: FREEZE-OUT SURFACE ASSUMPTIONS

lation at RHIC can be found elsewhdi@?]. The freeze-out surface (r, ¢, ), where the radius is
Using a Glauber model combined with a simulation of thebetween zero an®, the radius at freeze-out, the azimuthal
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angle¢ is between zero and and the longitudinal space- rapidity is generally taken to be fromee-to +oo using the
time rapidity variabley varies between #,,ax and 7max 1N modified K; Bessel function
the Bjorken scenario, the freeze-out surface in space-time is
hyperbolic, with contours of constant proper time
=\t?- 7. Assuming instantaneous freeze-out in the radial di-
rection and longitudinal boost invariance, the model depen-
dence factors out of Eq17) and is included in the normal- where the variable is the fireball rapidity variable. Thi&,
ization constanA. bessel function can also result by integration over the
At 130 GeV, the PHOBOS experiment measures the totameasured rapidity with the assumption that the freeze-out
charged particle pseudorapidity distribution to be flat over 2s instantaneous in the radial direction. In this case, no as-
units of pseudorapidity43]. The measured rapidity in PHO- sumption is made on the shape of the freeze-out hypersur-
BOS is taken to be the same as the rapidity of the fireballface. This also assumes that the total rapidity distribution is
defined here ag. The rapidity variables in the integrand measured in the detector. What results is the single differen-

Ky (my/T) = f coshz)e mreosd gz, (C1)
0

vanish for|z > 2. Therefore, the integration over the fireball tial 1/my dN/dmy [76].
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