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Particle production of identified charged hadrons, =%, K*, p, and p in Au+Au collisions at
/SN = 200 GeV has been studied as a function of transverse momentum and collision centrality
at y = 0 and y ~ 1 by the BRAHMS experiment at RHIC. Significant collective transverse flow
at kinetic freeze-out has been observed in the collisions. The magnitude of the flow rises with the
collision centrality. Proton and kaon yields relative to the pion production increase strongly as the
transverse momentum increases and also increase with centrality. Particle yields per participant

show a weak dependence on the centrality for all particle species.

Hadron production remains

relatively constant within one unit around midrapidity in Au+Au collisions at /syn = 200 GeV.

PACS numbers: 25.75.Dw
I. INTRODUCTION

The primary goal of the relativistic heavy-ion collider
(RHIC) is to create and study matter at extremely high
energy density. It is hypothesized that at the energy den-
sities reached in central Au+Au reactions at RHIC, the
matter created is composed of de-confined colored objects
[1-3]. A summary of the results and opinions of the four
experimental collaborations on the status of achieving
this goal can be found in their “White Papers” [4-7]. We
expect that the signals of any de-confined phase should
be strongest for larger systems. Testing this hypothe-
sis requires studying particle production as a function of
centrality. The particle distributions in transverse mo-
mentum and rapidity may provide a key to understand-
ing any non-hadronic effects that might appear in central
nucleus-nucleus collisions.

Pions, kaons, protons and antiprotons are the most
abundantly produced particles in the high-energy, heavy-
ion collisions, and they carry information about the bulk
properties of the nuclear matter created from the colli-

sions.

Pions, being the lightest of the produced hadrons are
thus the most copiously produced, and their numbers can
be related to the entropy density of the emitting source.
Kaons carry a significant fraction of the total strangeness
produced [8]. Protons and antiprotons provide an exper-
imental tool for measuring baryon production and allow
us to explore baryon transport from beam rapidity to-
ward mid-rapidity [9, 10]. The global thermodynamic
properties and collective motion of the system at the ki-
netic freeze-out point can be deduced albeit in a model
dependent way, from transverse momentum spectra as a
function of rapidity and centrality [11].

In this paper, we present transverse momentum spec-
tra, yields, and ratios for identified charged hadrons (7%,
K=, p, p) obtained with the BRAHMS mid-rapidity spec-
trometer. We have measured these spectra for y = 0 and
y ~ 1 as a function of collision centrality. The data pre-
sented here are available at [12, 13].



II. EXPERIMENTAL DETAILS

The BRAHMS experiment consists of two movable
magnetic spectrometer arms, the Mid-Rapidity Spec-
trometer (MRS) and the Forward Spectrometer (FS),
and global detectors for event characterization.

In order to characterize the centrality of collisions, a
multiplicity array (MA) consisting of a coaxial arrange-
ment of Si strip detectors and scintillator tiles surround-
ing the intersection region is employed. Si strip detectors
and scintillator tiles give independent measurement of
charged-particle multiplicities allowing the two measure-
ments to be averaged in the final determination. The
pseudo-rapidity coverage of the MA is approximately
—2.2 < 1 < 2.2 [14, 15]. The centrality selection is ob-
tained by developing minimum-bias trigger events, which
are defined using two Zero Degree Calorimeters (ZDC),
requiring energy deposit equivalent to one neutron in
each of the two detectors and also requiring a signal in
the MA to reject Coulomb dissociation events [14, 16].
Figure 1 shows the charged-particle multiplicity distri-
bution for minimum-bias events in —2.2 < 5 < 2.2. The
lines on the plot indicate four centrality windows in the
analysis, 0—10%, 10—20%, 20—40%, and 40—60%, where
0% corresponds to the most central events.
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FIG. 1: MA array multiplicity distribution. Lines show the
limits for indicated centralities.

The number of participating nucleons (Npqe,¢) in Ta-
ble I are estimated using the Glauber Monte-Carlo HI-
JING calculation [17]. More peripheral collision events
were not included in this paper because of limited statis-
tics.

Centrality (Npart)
0—-10% 328 £ 6
10 — 20% 239 + 10
20 — 40% 140 + 11
40 — 60% 62 + 10

TABLE I: The number of participant nucleons Npq,¢ esti-
mated from the HIJING model [17].

The uncertainty in determining centrality from the
multiplicity distribution was estimated to be +1.7% for
the most central bin and +9.4% for the most periph-
eral bin. The fraction of the inclusive yield lost by the
minimum-bias trigger is estimated to be about 4% and
is corrected for. The location of the collision vertex was
determined to an accuracy of 0.7 cm using Beam-Beam
Counters (BBC) [16]. The BBCs are located 2.2 m on
either side of the nominal interaction point and also pro-
vide a start time (T0) for time-of-flight measurement.

The MRS is a single-dipole-magnet spectrometer
which, by rotating about the nominal collision points,
provides the angular coverage of 30° < 6 < 95°, where 6
is the polar angle with respect to the beam axis. The
MRS contains two time projection chambers (TPCs),
TPM1 and TPM2, which determine the three dimen-
sional trajectories of the charged particles through the
spectrometer. Between the two TPCs there is a dipole
magnet (D5) for momentum determination. This assem-
bly is followed by a highly segmented scintillator time-
of-flight wall (TOFW).

The BRAHMS TPCs are located at a distance
0.95 m (TPM1) and 2.85 m (TPM2) from the interaction
point. Each TPC is a rectangular box filled with 90% Ar
and 10% COs. The ionization produced by charged par-
ticles is collected on an anode grid. This grid is divided
along the particle path into 12 rows (TPM1) and 20 rows
(TPM2). Each row has 96 pads (TPM1) and 144 pads
(TPM2) transverse to the direction of a normal-incident
particle. The mapping of row, pad, and drift time leads
to three-dimensional space points. The averaged resolu-
tions measured from track residuals are 310—387 um for
X (pad) and 427—490 pm for Y (time). Details can be
found in Ref. [16, 18-20].

Track reconstruction starts by finding straight-line
track segments in the TPCs. The reconstructed straight
tracks are joined inside the analyzing magnet by tak-
ing an effective edge approximation, and the momentum
associated with the track is calculated from the vertical
magnet field, the length of the magnet field, the polar an-
gle of the track with respect to the matching plane, and
the averaged vertical slope of tracks. Once the momen-
tum is known the reconstructed tracks are projected to-
ward the beam axis and checked for consistency with the
collision vertex determined using BBCs. For this analy-
sis we only use tracks that project to within £12.5 cm of
the nominal vertex in the horizontal plane.

The momentum resolution of the spectrometer can be
inferred from the width of our mass-squared distribu-
tions since m? = p?[(ct/1)? — 1], where c is the velocity
of light, I the track path length, and ¢ is the time-of-
flight whose resolution is measured independently. The
extracted resolutions were fit to the form (dp/p)? =
(cresp)?+(Cmuiri/ B)?, where cpes is the contribution from
the intrinsic angular resolution of the tracking detectors
and ¢4 i the resolution from multiple scattering. The
best fit is given by ¢qes ~ 0.014 (corresponding to 2.1
purad bending angle resolution) and ¢y ~ 0.01. Fig-
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FIG. 2: Momentum resolution dp/p calculated for the MRS
90° setting as a function of momentum with a magnetic field
of 6 kG. The curves are obtained from parametrization of the
mass resolution aig. At low momentum multiple scattering
dominates the resolution while above 1GeV the angular reso-
lution of the spectrometers is the most important effect.

ure 2 shows resolution curves based on this fit for pions,
kaons and protons when the D5 magnet is set to 6 kG.
For the data presented in this paper the momentum res-
olution lies between 2 and 8%.

Particle Identification (PID) is based on time of flight
data from the TOFW, (o; ~ 80 ps) with the start time
taken from the BBC (o; = 35 ps). Final mass identifi-
cation PID is based on cuts in the m? vs. p space, as
shown in Fig. 3. The cut boundaries are set at £3¢ from
the mean m? values. The kaon contamination within the
pion sample is less than 1%. TOFW provides 7/ K sep-
aration to the momenta of 2 GeV/c and K/p separation
to the momenta of 3 GeV/c.
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FIG. 3: Mass-squared distribution in TOFW as a function of
reconstructed particle momentum obtained from tracking in
TPCs through the D5 magnet at y = 0. The curves in the
figure are PID boundaries set at +30,,2 from the mean m?
of the particle. The dotted lines indicate the momentum cuts
for particle separation.

The data presented here were collected with the MRS
at 90°, for y ~ 0 (—0.1 < y < 0.1) and at 45° — 35° for
y ~1(=0.7 <y < 1.1). The same rapidity interval is
used for each particle.

From the number identified particles, invariant differ-
ential yields are obtained from several spectrometer set-
tings for different collision centralities. The invariant
yields are corrected for geometrical acceptance and the
efficiencies for detecting particles in the spectrometer.

Geometrical acceptance factors are obtained from
the GEANT [21] simulation package BRAG (BRAHMS
Analysis Geant), which is based upon the geometry and
tracking capabilities of the the BRAHMS experimental
setup. The acceptance correction is calculated for each
MRS setting and five different vertex windows covering
the MRS track vertex ranges in the analysis.
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FIG. 4: Correction factors applied to the invariant yields,
as discussed in the text. The top panel shows the momen-
tum dependence of the multiple scattering, decay in flight
and hadronic absorption effects. The bottom panel shows the
fractional factors of p and p from A and A in all measured
p and P, €fced, as a function of momentum. The solid line
displays z= ¥ A:_p”’ - ,-\i%ﬁ_ﬁ-

ip and the dotted one shows

The multiplicity dependent track reconstruction effi-
ciency has been studied by embedding simulated tracks
into real tracks at the raw data level [22]. The com-

bined events are reanalyzed to determine if the embedded
tracks are still reconstructed by the tracking program.



Each track is associated with a number of pads in TPM1
and TPM2. The resulting tracking efficiency is parame-
terized as a function of the number of track-related pads
found in the two TPCs with signals above threshold for
pions, kaons, and protons in various spectrometer angle
settings. The mean number of track-related pad hits in
the data sample varies from ~60—350 as the centrality
varies from 0—60%. For the most central events, track
reconstruction efficiency is ~85—95% depending on spec-
trometer angle setting.

The efficiency for individual TOFW slats is investi-
gated by projecting TPC tracks to the slat and compar-
ing this to the distribution of TOFW hits. The pos-
sibility of having multiple hits on a single slat is also
corrected for. No slat dependence is observed and the
overall TOFW efficiency is ~90%.

The single track efficiency as a function of momen-
tum in the spectrometer is determined by a Monte Carlo
simulation. Events with one particle are first processed
through BRAG with multiple scattering, decays, and
hadronic interactions processes included. In order to
evaluate these effects, the simulated events are processed
through the same digitization, reconstruction and parti-
cle selection algorithm that is applied to the real data.
The upper panel of Fig. 4 shows correction factors ap-
plied to the pion, kaon and proton spectra at y=0 to
account for multiple scattering and (7 and K) decay in
flight. The low momentum P spectra are also corrected
for hadronic absorption in the beam pipe and detector
materials. This effect amounts to ~ 2 — 3% of the to-
tal yield. The difference of correction factors at different
spectrometer settings is below 1%.

Protons and antiprotons from weak decays lead to a
contamination of the primary hadron spectra. The pro-
ton and antiproton spectra are corrected to remove the
feed down contributions from A and A weak decays.
At midrapidity the ratio N(A) = 0.89N(p), N(A) =
0.95N(p) has been reported [23]. We take these ratios
and measured spectra shapes as input to the BRAG
for feed down correction from A decays. The simulated
tracks are generated for the full phase space, digitized,
and go through the real data analysis algorithm, as is
done to determine the other correction factors. The lower
panel of Fig. 4 shows the ratio (efeeq) of secondary p
and P to all measured p and P as a function of momen-
tum. The fractional factors range from 10—35%, and
the largest value is ~35% around a momentum p ~ 1
GeV/c. We multiply the proton and antiproton spectra
by 1—€feeq for all centrality windows and rapidities as
a function of momentum. The data are corrected on a
track-by-track basis for efficiency and feed down contri-
butions.

III. EXPERIMENTAL RESULTS

Figure 5 shows the invariant spectra for charged
hadrons, 7%, K%, p, and p at different collision central-
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FIG. 5: The invariant yield spectra for the identified par-
ticles for the 0—10%, 10—20%, 20—40%, and 40—60% cen-
tral collisions in Au+Au collisions at /snnv=200 GeV. Cir-
cle(triangle) symbols are the results at y =0 (y ~ 1). Curves
overlaid to the data points are fits to the y = 0 data, as
discussed in the text. For clarity, the data points are scaled
down by a factor of 10 successively from the top (0—10%) to
bottom(40—60%) in decreasing order of centrality. The error
bars are statistical only.

ities. The overlaid lines indicate fits to the data from
y = 0 in the range shown. The pion spectra are fitted
with a power-law function, A(1 + pr/po) ™. For kaons
the spectra are best fit by an an exponential in mr
Ale=™/T] where mr = /p% +m where mq is the
mass of the particle. The proton and antiproton m-
spectra tend to deviate from a single exponential shape,
so a sum of two exponential functions is used to in the
fit. The point-to-point systematic uncertainties on the
spectra and quality of fit are estimated by using other fit
functions and varying the fit ranges. The errors shown
on the data points are statistical only. The overall sys-
tematic errors are estimated to be 10—15%. The main
sources for the overall systematic errors are from the un-
certainties in the normalizations used to calculate the
invariant yields. Others are from uncertainties in es-
timating background contribution, track reconstruction
efficiencies, acceptance of spectrometer and particle iden-
tification losses. The yields and mean transverse momen-
tum values are extracted from the fit functions. Tables IT
gives the fit ranges and the estimated percentage of the
total yield included in the fit ranges.



y~1
0.3 < pr < 1.3 (72.1%)
0.3 < pr < 1.3 (40.9%)
0.6 < pr < 2.1 (64.9%)

y=0
T 02 <pr < 1.9 (76.5%)
K* 0.4 < pr < 1.9 (48.0%)
p,p 03 <pr<3.0 (72.1%)

TABLE II: Fit ranges for curves shown in Fig. 5. The yields
were calculated from the data within the fit ranges, and the
estimated percentage is the ratio of measured yields within
the fit ranges to extrapolated yields for the full momentum
range.

Figure 6 shows the mean transverse momenta, (pr),
as a function of Npq.¢. We find that (pr) increases with
particle mass and centrality. This is suggestive of a hy-
drodynamic system where the initial pressure increases
with the number of participants.
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FIG. 6: Mean pr extracted from the fit functions to the spec-
tra as a function of centrality (Nper:) for ¥, K1, p (left)
and #~, K~, p (right). Open symbols represent at y = 0,
and closed symbols are for y ~ 1. The error bars are statisti-
cal only.

We also tried a hydrodynamic model fit to the exper-
imental data with two free parameters: collective trans-
verse flow velocity 8 and the global thermal freeze-out
temperature Tr. We have utilized a version of a hydro-
dynamically inspired “blast-wave” model initially devel-
oped to describe lower energy data [11]. Assuming ki-
netic freeze-out of matter at constant Ty with a collective
transverse flow characterized by a velocity S, the invari-
ant mr distribution can be described as follows:

dN s inh h
—_— oc/ rdr mTIg(pTSln p)Kl(mTCOS p),
0

mrT me Tf Tf
(1)
where T is the freeze-out temperature, Ip, K; are
modified Bessel functions and p = tanh™ g7 is the

transverse rapidity. The transverse velocity profile B
is parameterized by the surface velocity Bs : Br(r) =
Bs(r/Rmaz)®- Results of a simultaneous fit for 0—10%
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FIG. 7: The parametrization and the mr spectra for 0-10%
centrality The errors in the fit parameters are statistical only.

centrality of Eq. 1 to the spectra for y = 0 is shown in
Fig. 7. The parameters a, T, and S5 were allowed to
vary, as well as the normalization constants for each par-
ticle type and adjusted. The pr coverage of spectra at
y ~ 1 is not sufficient for a reliable hydrodynamic model
fit. The source parameter used was Ry,q, = 13 fm [24].
The integral in Eq. 1 is relatively insensitive to changes
in Ryae, changing by less than 5% when R, is changed
from 5 to 20 fm.

For the most central events (0—10%), the fit yields val-
ues of Ty = 109.8+0.9 MeV, s = 0.779£0.003, and «
= 0.4+0.05. The average flow velocity {8r) is then esti-
mated to be 0.65 by taking an average over the transverse
geometry [25]. When fitting spectra from the other cen-
trality windows we fixed the value of a to be 0.4. The
fits in the four centrality bins give a x2/DOF between
1.3—1.45. The systematic uncertainties in the fit param-
eters are estimated to be less than 5%. Figure 8 shows
the centrality dependence of the temperature and surface
velocity. Ty decreases with centrality while increases f;.
Since the surface velocity keeps increasing until the sys-
tem decouples these results suggest that central collisions
decouple later. The increased energy associated with the
surface velocity requires a lower final temperature by en-
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FIG. 8: Kinetic freeze-out temperatures Ty and transverse
flow velocities 85 resulting from a simultaneous fit of to rt,
K¥*, p and p spectra to Eq. 1 as a function of collision cen-
trality. The points represent the best fit values of Ty and S,
while the contours indicate 1o and 3o levels. The systematic

errors are < 5% and are not included in the figure.

ergy conservation [26)].

y=0 0—10%  10—20% 20 —40% 40 — 60%
77 2746 £ 2.1 192, £ 1.7 115.6 + 1.2 45.5 + 0.84
7~ 2685 +21 188.7 1.7 1151 + 1.2 44.9 + 0.81
Kt 438 +067 201 +054 174+04 6.2+ 0.26
K~ 396 +062 27.1+052 158 +0.35 58+ 0.25

p 175+020 127 +£0.16 7.4 +0.11 2.7 =+ 0.08
P 1304017 924013 54+009 22+0.19

y~1 0—10% 10—20% 20 —40% 40 —60%
77 2554 + 1.82 185.8 + 1.60 117.4 & 1.18 50.1 & 0.89
7~ 269.4 + 2.25 193.3 + 1.91 119.4 + 1.29 51.4 + 0.10
KT 39.1+028 283+025 165+ 0.16 6.5+ 0.11
K~ 36.7+029 25.7+025 155 +0.17 6.0 + 0.12

p 173+0.16 123 +0.14 7.3 +001 29+ 0.11
p 1184015 87+014 53+008 22008

TABLE III: The yield dN/dy from integration of extrapolated
function in each centrality bin at y=0 and y ~ 1. The fit range
was shown in Tables II. The errors are statistical only.

The rapidity densities dN/dy are determined for each
particle by integrating the measured pr spectrum over prp
using the previously discussed functional form to extrap-
olate outside of the region of the measurement. Table III
shows the results at y = 0 and y ~ 1, respectively. The
dN/dy values per participant pair are shown as a func-
tion of Npere in Fig. 9. The systematic errors on the
yields and (pr) values are from the extrapolation to the
low momentum region and are estimated as 5—10%. The
only centrality dependence evident is a small increase in
the rapidity densities for the K and p channels in go-
ing to more central collisions. The net proton rapidity
densities show a increase from 40—60% to 20—40% and
saturate after that. The fractions of protons produced
by stopping, (Np — Np)/((Np + Np), are 0.154+0.01 at
y = 0 and 0.19£0.01-0.13+0.03 at y ~ 1 from periph-
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FIG. 9: Rapidity density (dN/dy) per participant pair

(Npart/2) as a function of Nperi for 71, KT, p, net pro-
ton (left) and »~, K—, p (right). Open symbols represent
at y = 0, and closed symbols are for y ~ 1. The error bars
represent the statistical errors only.

eral to central collisions. Our p/p ratio from pp colli-
sions showed a proton excess of 12% at midrapidity [27].
This baryon asymmetry has been modeled at lower en-
ergy systems [28] where it has been found to be significant
greater [29, 30].

Figure 10 compares the K/m ratios as a function of
pr for central and peripheral collisions. The ratios for
both charges increase with pr at both rapidities. There
is no significant centrality dependence below 1 GeV/c,
however, the increase is faster in central than periph-
eral collisions at higher momentum. The weak centrality
dependence of the K/m production at RHIC [31] differs
from the measurements at lower energy from AGS [32]
and SPS experiments [33], where the K~ /x~ ratio is en-
hanced (~ 1.5 — 2) from central collisions compared to
peripheral collisions. This might be attributed to the
energy dependent longitudinal geometry of the colliding
nuclei [34, 35], but a further experimental and theoret-
ical work is needed to understand the observed energy
dependence.

Figure 11 shows the p/7t and p/n~ ratios as a func-
tion of pr obtained at y = 0 and y ~ 1 for central and
peripheral collisions. For both centralities the ratios rise
fast at low pr and then tend to saturate. Around pr ~
2.0 GeV/c the ratios increase from peripheral to central
collisions by 30% for p/n* and by 50% for p/n~ ratios.
Parton recombination and quark coalescence models de-
scribe qualitatively the observed baryon to meson ratios
in the intermediate pr region [36, 37].

To clarify the centrality dependence of particle ratios
at higher pr, and to see if the ratios of harder particles
are sensitive to the size of the interaction volume, we
present the K /m and p/7 ratios versus Npqr¢. Figure 12
shows the K /m and p/7 ratios for 1.2 < pr < 2.0 GeV/c
increase with Npq.¢. This increase is stronger for protons
than for kaons with little difference in slope between the
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symbols represent central (0—10%) and peripheral (40—60%)
collisions, respectively. Only statistical error bars are shown.

particle and antiparticle ratios. This hierarchy in mass
may reflect transverse flow. A common velocity field will
have a stronger effect on the pr distribution of heavy
particles than of light ones. We expect that the strength
of the transverse velocity should increase with centrality
and this is consistent with our data, as shown in Fig. 8.
However, we would also expect the increase of particle
ratios with Np,,¢ in this pr region may also be consistent
with coalescence approach.

IV. SUMMARY

Particle production of identified charged hadrons, 7%,
K*, p, and p in Au+Au collisions at \/sny = 200 GeV
has been studied as a function of transverse momentum
and collision centrality at y = 0 and y ~ 1 by the
BRAHMS collaboration at RHIC. Significant collective
transverse flow at kinetic freeze-out is observed for both
central and mid-central events. The magnitude of the ra-
dial expansion increases with the collision centrality in-
dicating more hydro-like collectivity in the transverse di-
rection for the central collisions. The p, p and K* yields
relative to the pion production at RHIC show a strong
transverse momentum dependence. Contrary to lower
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FIG. 11: p/n* (left) and p/7~ (right) ratios as a function
of pr at y = 0 (top) and y ~ 1 (bottom). Closed and open
symbols represent central (0—10%) and peripheral (40—60%)
collisions, respectively. Only statistical error bars are shown.
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FIG. 12: The ratio of K/x (left) and p/n (right) as a function
of Npgrt for 1.2 < pr < 2.0 GeV/c at mid-rapidity. Open and
closed symbols represent the ratio of positive particles and
negative ones, respectively.

energy results no significant centrality dependent K/m
ratios below 1 GeV/c are observed at the RHIC energy.
The p/n* and p/m ratios increase with py and central-
ity reaching a value of 0.6 at pr = 2GeV/c. The particle
yield scaled by N4, is nearly constant, and only weakly
increasing with centrality for all particles. No significant



changes for the bulk properties in hadron production are
observed within one unit around midrapidity in Au+Au
collisions at \/syn = 200 GeV.
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